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respond i n  a s t a t i c  manner t o  t h e  time-dependent, wind-generated wave 
f o r c e s  s i n c e  t h e i r  fundamental  n a t u r a l  f r equenc i e s  a r e  s u b s t a n t i a l l y  
g r e a t e r  than  t h e  f r equenc i e s  f o r  most wave energy.  Thus dynamic response  
c on s i d e r a t i on s  f o r  t h e s e  s t r u c t u r e s  i s  l im i t e d  t o  e x c i t a t i o n s  a s s o c i a t e d  
wi th  t h e  f l u i d - s t r u c t u r e  i n t e r a c t i o n  such  a s  S t r u h a l  e f f e c t s .  I n  deeper  
wa te r ,  however, t he  n a t u r a l  f r equenc i e s  of s t r u c t u r e s  and waves a r e  more 
l i k e l y  t o  be comensurate. S ince  o i l  e xp l o r a t i on  i s  neces sa ry  now i n  
wa te r  dep ths  exceeding one thousand f e e t ,  more s t r u c t u r e s  and s t r u c t u r a l  
e lements  r e q u i r e  cons ide ra t i on  of  dynamic e f f e c t s .  , I I 
Cons idera t ion  of t he se  dynamic e f f e c t s  l e ad s  t o  s e v e r a l  prob- 
l e m s  o f  fundamental  importance,  General  methods of  s t r u c t u r a l  dynamics 
a n a l y s i s  a r e  a v a i l a b l e .  The methods which a r e  most compat ible  w i th  t h e  
assumption t h a t  wind-generated waves are a random p roces s  ' u s u a l l y  r e q u i r e  
f l u i d - s t r u c t u r e  i n t e r a c t i o n  f o r c e s  be de sc r ibed  i n  l i n e a r  ]form wi th  
c on s t an t  c o e f f i c i e n t s .  However, f o r c e  models, such  a s  t h e  Morrison t ype ,  
are n o t  s a t i s f a c t o r y  completely even f o r  s imple  unsteady f low s i t u a t i o n s ,  
i n  nos t ca se s  on ly  f o r  e lementary unsteady f lows which do b o t  cons ide r  t h e  
i r r e g u l a r  f low p a t t e r n s  t h a t  c h a r a c t e r i z e  a random sea .  
Experimental  s t u d i e s  of wave f o r c e s  on s t r u c t u r e  a t  s e a  u s u a l l y  Is 
have been made i n  wate r  depths  less - than one hundred f e e t  on s t a t i c  
s t r u c t u r e s .  Many of t h e s e  s t u d i e s  focused a t t e n t i o n  on on ly  extreme waves, 
b u t  n o t  t h e  e n t i r e  time h i s t o r y  of t h e  f o r c e s  needed f o r  r e l i a b l e  dynamic 
a n a l y s i s .  F i n a l l y ,  t h e  a n a l y s i s  of wave f o r c e  d a t a  r e q u i r e s  s i g n i f i c a n t  
assumptions concerning t h e  r e l a t i o n s h i p  between wate r  p a r t i c l e  k i n ema t i c a l  
q u a n t i t i e s  and measured f l u c t u a t i o n s  of  t h e  f r e e  wate r  s u r f a c e .  
The r e sea rch  r epo r t ed  h e r e i n  was mot iva ted  l a r g e l y  by t h e  
d i f f i c u l t i e s  encountered i n  making r e l i a b l e  p r e d i c t i o n s  of dynamic response  
f o r  ocean s t r u c t u r e s .  
1 . 2  OBJECTIVES 

The g e n e r a l  o b j e c t i v e  o f  t h i s  r e s e a r c h  i s  t o  deve lop  f l u i d -  
s t r u c t u r e  i n t e r a c t i o n  r e l a t i o n s h i p s  which can be  used  t o  compute 
s t r u c t u r a l  r e s p o n s e  i n  a r e l i a b l e  manner. T h i s  can b e  done by conduc t ing  
e x p e r i m e n t s  a t  s e v e r a l  s c a l e s :  v i z ,  i n  s m a l l  s c a l e  l a b o r a t o r y  wave t a n k s ,  
i n  v e r y  l a r g e  s c a l e  wave t a n k s ,  and a t  s e a .  Th i s  r e p o r t  i s  concerned w i t h  
e x p e r i m e n t s  conducted i n  a  s m a l l  s c a l e  l a b o r a t o r y  wave t ank  w i t h  a  d e p t h  
o f  4 . 0  f t ,  
For  t h e  most  p a r t ,  t h e  s t r u c t u r a l  t y p e s  c o n s i d e r e d  i n  t h i s  
r e s e a r c h  a r e  t h o s e  w i t h  d i a m e t e r s  t h a t  a r e  s m a l l  w i t h  r e s p e c t  t o  t h e  
l e n g t h s  o f  waves i n v o l v e d ,  i . e . ,  f o r  s t r u c t u r e s  which are u s u a l l y  des igned  
f o r  s t a t i c  r e s p o n s e  on t h e  b a s i s  o f  M o r r i s o n ' s  e q u a t i o n .  According t o  
t h i s  t h e o r y ,  t h e  f o r c e  i n t e n s i t y ,  f ' ,  on a  v e r t i c a l  member i n  a  s t a t i c l l y  
r espond ing  s t r u c t u r e  i s .  
where C and C a r e  c o e f f i c i e n t s  of  d r a g  and f l u i d  i n e r t i a  r e s p e c t i v e l y ,  pD I 
i s  t h e  mass d e n s i t y  o f  w a t e r ,  D i s  t h e  c y l i n d e r  d i a m e t e r ,  fi and ii a r e  
h o r i z o n t a l  f l u i d  p a r t i c l e  v e l o c i t y  and d i s p l a c e m e n t  r e s p e c t i v e l y .  
The f o r c e - i n t e n s i t y  model used a s  a b a s i s  f o r  t h e  exper iments  
where 2 and 2 a r e  t h e  s t r u c t u r a l  v e l o c i t y  and a c c e l e r a t i o n  r e s p e c t i v e l y ,  
and C i s  t h e  added mass c o e f f i c i e n t .M 

S p e c i f i c a l l y ,  t h e  p r e s e n t  r e s e a r c h  h a s  two main o b j e c t i v e s ;  
f i r s t ,  t h e  development o f  methods o f  a n a l y s i s  f o r c e  i n t e n s i t y  d a t a  i n  
a  manner c o n s i s t e n t  w i t h  t h e  a n a l y s i s  d a t a  which cou ld  be  c o l l e c t e d  
p ro t o t ype  s t r u c t u r e s  a t  s e a  and t h e  requi rements  of s t r u c t u r a l  dynamics 
a n a l y s i s ;  and second, t o  determine if th e s e  methods and Eq. 1.2-2 a r e  
s u i t a b l e  a t  l e a s t  f o r  i n - l i n e  f o r c e s  measured i n  sma l l  l a bo r a t o r y  
exper iments ,  
1 . 3  PREVIOUS STUDIES 
Of p r i n c i p l e  i n t e r e s t  h e r e  a r e  p r ev ious  s t u d i e s  d e a l i ng  w i th  
wave and o t h e r  unsteady f o r c e s  a c t i n g  on s t a t i c  e lements ,  and s t u d i e s  
r e l a t e d  t o  t h e  r educ t i on  of wave f o r c e  d a t a .  
With r ega rd  t o  wave f o r c e s  on s t a t i c  e lements  r e c en t  summaries 
by J en  ( I ) ,  and ~ u r t h a  (2 )  a r e  a v a i l a b l e .  I n  a d d i t i o n ,  Sarpkaya ( 3 )  has  
conducted e x t en s i v e  t e s t s  u s ing  a  U-tube i n  which a c y l i n d r i c a l  member 
i s  mounted t r a n sve r s e  t o  a p e r i o d i c  f l u i d  motion. Accordingly,  he  ha s  
extended s i g n i f i c a n t l y  t h e  e a r l i e r  s t u d i e s  of  Kuelegan and Carpente r  ( 4 ) .  
This  work d e f i n e s  t h e  r e l a t i o n s h i p  of  t he  f o r c e  c o e f f i c i e n t s  and t h e  
~ e y n o l d ' s  number up t o  1 . 5  x l o b  and Kuelegan-Carpenter number up t o  
one hundred. I n  a dd i t i on ,  Sarpkaya used both smooth and sand-roughened 
cy l i nde r s .  
The r educ t i on  of p e r i o d i c  unsteady f low f o r c e  d a t a  f o r  s t a t i o n -  
a ry  cv1 i n d ~ r cby F o u r i e r  anadysfs was in t roduced  by Kue l egan  2zd
- J  --------
Carpente r  ( 4 ) .  The i r  method of s e l e c t i n g  v a l u e s  of t h e  drag and i n e r t i a  
c o e f f i c i e n t s  i s  e s s e n t i a l l y  a l e a s t  squares  procedure.  These techniques  
have been fol lowed s i n c e  by o t h e r s  ( 1 , 3 ) .  
Borgman (5) explored  t h e  p r o b a b i l i s t i c  b a s i s  f o r  de te rmin ing  
wave f o r c e  c o e f f i c i e n t s  on s t a t i c  s t r u c t u r e s .  He developed procedures  
s e l e c t i n g  t h e  coef ficierats by an inh iz ing  the me2n sqwre d i f fere12ce 
between t h e  power s p e c t r a  of measured f o r c e s  and t h e  t h e o r e t i c a l  s p e c t r a  
based on orris on's equa t ion  f o r  s t a t i c  s t r u c t u r e s .  
Ried ( 6 )  examined methods f o r  e s t i m a t i n g  t h e  f o r c e  c o e f f i c i e n t s  
i n  i r r e g u l a r  waves, He developed numer ica l  t rans forms  t o  e v a l u a t e  the  
hydrodynamic f i e l d  k inema t i c s  u s ing  l i n e a r  wave t heo ry ,  and methods of 
de te rmin ing  t h e  c o e f f i c i e n t s  from covar iance  f u n c t i o n s  of  t h e  k inema t i ca l  
q u a n t i t i e s  and t h e  measured f o r c e .  
The s t a t e  of  t h e  a r t  p e r t a i n i n g  t o  measurements of  wave f o r c e s  
on s t r u c t u r e s  a t  s e a  i s  p re sen t ed  i n  a s e r i e s  of papers  by Thrasher  and 
Aagaard ( 7 ) ,  Evans ( 5 ) ,  Wheeler ( 9 ) ,  and Dean and Aagaard (10) .  
1 . 4  NOMENCLATURE 
CD 	 = drag  f o r c e  c o e f f i c i e n t  
= l i n e a r i z e d  drag  f o r c e  c o e f f i c i e n t  
'DL 
CI = i n e r t i a  f o r c e  c o e f f i c i e n t  
= added mass f o r c e  c o e f f i c i e n t  c~ 
D = c y l i n d e r  d iameter  
H = waveheight 
K D L 9 5 9 K 1 9 % 9 K a  = g e n e r a l i z e d  f o r c e  c o e f f i c i e n t s  de f ined  by E q .  3.1-2 
through 3.1-4 and Eq. 3.1-8 
N = F o u r i e r  t rans form of wave p r o f i l e  
N N = Reynolds number 
R9 	R3 R 
-
NK >NK9NR = Kuelegan-Carpenter modulus 
R = a u t o c o r r e l a t i o n  of x 
XX 
R = c r o s s  c o r r e l a t i o n  of x and y 
XY 
.-d 
S 	 = two-sided power spectrum of x 
XX 
-
S = c r o s s  spectrum of x and y  
XY 
-
U 	 = F o u r i e r  t rans form of u 
d 	= mean water  depth 
e = e r r o r  between f  and f "  as  defined i n  E q .  3.1-12 
e '  = e r r o r  between f "  and f " '  a s  defined i n  Eq. 3.5-3 
f = measured force  i n t e n s i t y  
f v  = t h e o r e t i c a l  fo rce  i n t e n s i t y  
f " , f M '  = force  i n t e n s i t y  funct ions  as  defined i n  Eqs. 3.5-1 
and 3.5-2 

g = accelera t ion of g rav i ty  

k = wave number 

s = time of duration 

u, G, i i  = water p a r t i c l e  displacement, ve loc i ty  and accelera- 
t i o n  respect ively  
v,ir,v = r e l a t i v e  displacement, ve loc i ty  and accelera t ion 
x ,k9 i i  = s t r u c t u r a l  displacement, ve loci ty  and accelera t ion 
z = v e r t i c a l  coordinate 
I'
uu' 
rGG,I'....
uu 
= 	t r a n s f e r  functions from wave p r o f i l e  t o  water 
p a r t i c l e  displacement, ve loc i ty ,  and accelera t ion 
respect ively  
$ = ve loc i ty  p o t e n t i a l  funct ion 
a++ = standard deviat ion of .ir 

h = wave length 

p = mass densi ty of water 

~d = v-jscosity 
q = elevat ion of f r e e  water surface  above the  mean 
water l e v e l  
a = c i r c u l a r  frequency 
7 
CHAPTER 2 

METHOD OF APPROACH 

2 , l  INTRODUCTION 
There  are two o b j e c t i v e s  of  t h e  p r e s e n t  r e s e a r c h ;  namely,  t o  
deve lop  methods o f  a n a l y s i s  o f  wave f o r c e  i n t e n s i t y  d a t a  i n  a  manner 
c o n s i s t e n t  w i t h  p r a c t i c a l  methods used  on p r o t o t y p e  s t r u c t u r e s  a t  s e a  
and r e q u i r e m e n t s  f o r  s t r u c t u r a l  dynamic a n a l y s i s ,  and t o  e v a l u a t e  s u c h  
methods i n  s m a l l  s c a l e  e x p e r i m e n t s .  The f o r c e  i n t e n s i t y  model u s e d  i s  
t h a t  g i v e n  i n  Eq, 1.2-2 a s  f o l l o w s .  
T h i s  model r e p r e s e n t s  an e x t e n s i o n  of  M o r r i s o n ' s  e q u a t i o n  t o  i n c l u d e  t h e  
s t r u c t u r a l  added mass a s  a s e p a r a t e  term,  and t o  modify t h e  v e l o c i t y  d r a g  
t e rm t o  b e  t h e  r e l a t i v e  v e l o c i t y  between t h e  fluid p a r t i c l e  mot ion  and 
t h e  s t r u c t u r a l  v e l o c i t y .  Accord ing ly ,  t h e  model h a s  s e v e r a l  d e s i r a b l e  
f e a t u r e s ,  The s e p a r a t e  added mass c o e f f i c i e n t  i s  i n  agreement  w i t h  
p o t e n t i a l  t h e o r y  r e s u l t s .  A l s o ,  t h e r e  are t h r e e  c o e f f i c i e n t s  (CDJIand3 
C ) which may be  used  t o  f i t  e x p e r i m e n t a l  d a t a .  However, t h e  n o n l i n e a r  M 

v e l o c i t y  term i s  i n c o n s i s t e n t  w i t h  f requency  domain a n a l y s i s .  To m e e t  
t h i s  o b j e c t i o n ,  a l i n e a r i z e d  form of Eq. 1 ,2 -2  i s  a l s o  used  i n  a d d i t i o n  
t o  Eq. 1.2-2.  I n  t h e  l i n e a r i z e d  form, t h e  t e rm -1-PD (6-2)(5-k/ is2  2  
r e p l a c e d  by -1 C -PD (6-k) where C i s  a s u i t a b l y  d e f i n e d ,  l i n e a r i z e d  d r a g  2 DL 2 DL 
c o e f f i c i e n t .  Then t h e  t h e o r e t i c a l  f o r c e  i n t e n s i t y  model i s  a s  f o l l o w s .  
The a n a l y s i s  of  wave f o r c e  d a t a  i s  a compl ica ted  p r o c e s s  even 
r"'?f o r  t h e  case of  s t a t i c  s t r u c t u r a i  r e sponse .  Lne a d d i t i o n  of t h e  s t r u c t u r a i  
r e s p o n s e  term c a u s e s  some methods of a n a l y s i s  t o  become v e r y  compl ica ted .  
I n  any c a s e ,  i t  i s  neces sa ry  t o  develop ex t en s i v e  computer programs f o r  t he  
a n a l y s e s  and t h e s e  a r e  de sc r ibed  i n  Appendix B .  The d e t a i l s  of methods of 
a n a l y s i s  of d a t a  a r e  g iven  i n  Chapter 3 f o r  frequency domain methods and i n  
Chapte r  4 f o r  t ime domain methods. 
I n  t h i s  chap t e r  t h e r e  i s  d i s cus sed  p e r t i n e n t  a s p e c t s  of t h e  i d e a l  
f l u i d  t heo ry  s o l u t i o n  f o r  t he  problem, t h e  g ene r a l  f e a t u r e s  of t h e  d a t a  
L 
a n a l y s i s ,  and some p e r t i n e n t  a spec t s  of wave theory .  
2 .2  IDEAL FLUID THEORY RESULTS 
The r e s u l t s  from t h e  a p p l i c a t i o n  of i d e a l  f l u i d  theory  t o  t h i s  
problem were reviewed by Murtha (13) . Figu re  2.2-1 shows a  s k e t ch  of t h e  
l a b o r a t o r y  specimen used i n  t h e  exper iments  and t h e  i d e a l  f l u i d  t heo ry  
s t udy .  I t  c o n s i s t s  of  a r i g i d  c y l i n d r i c a l  rod  a t t a ched  t o  t h e  f l o o r  of  a 
wave channe l  with  a pinned connect ion.  Above t h e  s u r f a c e  of t h e  wa te r ,  
t h e  c y l i n d e r  i s  suppor ted  by e l a s t i c  s p r i ng s  i n  two or thogona l  d i r e c t i o n s .  
Thus i t  has two degrees  of  freedom--one p a r a l l e l  t o  t h e  d i r e c t i o n  of wave 
t r a v e l  and one pe rpend icu l a r  t o  t h a t  d i r e c t i o n .  The i d e a l  f l u i d  
s o l u t i o n  is concerned on ly  w i th  t h e  motion of t h e  c y l i nde r  i n  t h e  
d i r e c t i o n  of wave t r a v z l .  
I f  l i n e a r  wave theory and i d e a l  f l u i d  theory  a r e  assumed, t h e  
d e t a i l s  of t h e  f l u i d - s t r u c t u r e  i n t e r a c t i o n  may be computed f o r  t h e  e x c i t a -  
t i o n s  p rov ided  by a s imple  harmonic wave of s p e c i f i e d  f requency.  
According t o  t h e  r e s u l t ,  i n t e r a c t i o n  f o r c e s  may be d iv ided  i n t o  two p a r t s ;  
namely, one which i s  independent  of t h e  s t r u c t u r a l  response ,  and a second 
which depends only on t h e  s t r u c t u r a l  motion.  Accordingly,  t h e  f i r s t  p a r t  
r e p r e s e n t s  t h e  f o r c e  which would a c t  on a s t r u c t u r e  which responds i n  
s t a t i c  manner t o  t he  waves. The maimurn f o r c e  i n t e n s i t y  a s s o c i a t e d  wi th  
t h i s  s t a t i c  component i s  we l l  known. It i s  equa l  t o  t he  produc t  of  
i n e r t i a  c o e f f i c i e n t ,  t h e  m a x i m m  ho r i z on t a l  wate r  p a r t i c l e  a c c e l e r a t i o n ,  
and t h e  mass of  water d i s p l a c e d  p e r  u n i t  l e n g t h  by t h e  c y l i n d e r .  However, 
t h i s  f o r c e  i n t e n s i t y  l a g s  t h e  h o r i z o n t a l  w a t e r  p a r t i c l e  a c c e l e r a t i o n  by a  
p h a s e  a n g l e .  The i n e r t i a  c o e f f i c i e n t  and t h e  phase  a n g l e  a r e  f u n c t i o n s  
2

of t h e  r e l a t i v e  d e p t h  p a r a m e t e r ,  d/gT , and t h e  r a t i o  o f  c y l i n d e r  d i a m e t e r  
t o  w a t e r  d e p t h ,  D/d. (The r e l a t i v e  d e p t h  may b e  measured by k d ,  d / h ,  o r  
2 
d/gT where k i s  t h e  wave number, d t h e  w a t e r  d e p t h ,  X t h e  wave l e n g t h ,  T 
t h e  wave p e r i o d ,  and g  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n .  I n  t h i s  r e p o r t  

2

t h e  p a r a m e t e r  d / g ~  i s  u s e d ,  In  t h e  u s u a l  f a s h i o n  "shallow" w a t e r  i s  

1
d e f i n e d  a s  d / g ~ 2< 0.0025, i . e .  d/A < - and "deep" w a t e r  a s  -> 0 .08 ,
- 20' 
d 1 g ~ 2-i . e . ,  - > -.) U s u a l l y ,  orris on's e q u a t i o n  i s  though t  t o  app ly  when t h eX - 2 
r a t i o  o f  d i a m e t e r  t o  wave l e n g t h ,  D / h ,  is  s m a l l .  Then t h e  i n e r t i a  
c o e f f i c i e n t  i s  2  and t h e  phase  a n g l e  approaches  z e r o .  
The f o r c e s  a s s o c i a t e d  w i t h  dynamic s t r u c t u r a l  r e s p o n s e  may b e  
c o n s i d e r e d  a l s o  t o  have two components; namely,  (1 )  t h e  r a d i a t i o n  damping 
f o r c e ,  and ( 2 )  t h e  added mass f o r c e .  The fo rmer  i s  p r o p o r t i o n a l  t o  t h e  
v e l o c i t y  of  t h e  s t r u c t u r e ,  and t h e  l a t t e r  i s  p r o p o r t i o n a l  t o  t h e  a c c e l e r a -  
tion, I n  b o t h  c a s e s ,  t h e  c o e f f i c i e n t s  of  p r o p o r t i o n a l i t y  may b e  viewed 
2 
as being dependent  upon d/gT , ~ / d ,the d i s p l a c e m e n t  o r  mode s h a p e  of  
structure, and t h e  h e i g h t  of  the p o i n t  on the c y l i n d e r  above the  seabed* 
For  t h o s e  c a s e s  where M o r r i s o n ' s  e q u a t i o n  i s  n o r m a l l y  used ,  t h e  
r a d i a t i o n  damping term is  e x t r e m e l y  s m a l l  and i n  deep w a t e r  a f f e c t s  o n l y  
t h a t  p a r t  of  t h e  c y l i n d e r  n e a r  t h e  f r e e  w a t e r  s u r f a c e .  Accord ing ly ,  t h i s  
t e r m  was i g n o r e d  i n  s e l e c t i n g  E q .  1.2-2 a s  t h e  f i r s t  approach t o  a 
t h e o r e t i c a l  model. 
The added mass t e r m  v a r i e s  s i g n i f i c a n t l y  f o r  d i f f e r e n t  c a s e s ,  
b u t  i f  a t t e n t i o n  i s  l i m i t e d  t o  t h e  u s u a l  Morr ison concept  and t o  ranges  
2
of  d/gT c o n s i s t e n t  w i t h  wind waves t h e  r e s u l t s  do n o t  v a r y  g r e a t l y .  
F i g u r e  2.2-2 shows the  r e l a t i o n s h i p  between t h e  added mass i n t e n s i t y  
-- - - -- - 
c o e f f i c i e n t  and the  r a t i o  of d i s t ance  above t h e  seabed and t h e  water  depth,  
z/d, f o r  t he  cy l inde r  used i n  t h e  l abora to ry  t e s t s ,  The c o e f f i c i e n t  shown 
i n  t h i s  f i g u r e  i s  def ined  i n  terms of t he  a c ce l e r a t i on  of t he  cy l inde r  a t  
t he  f r e e  water  su r face  r a t h e r  than the  l o c a l  a c ce l e r a t i on ,  Hence, t he  
tVo-dilmensional -theory - r e s t i l t  with- Zc- axded mass -c&f f ic ien- t  -oT lT0-l's 
shown by t h e  dashed l i n e  from t he  o r i g i n  t o  a va lue  of 1 .0  a t  the  f r e e  water  
s u r f a c e .  Note t h a t  the  dev ia t ion  from two-dimensional theory i s  l im i t ed  t o  
about t h e  upper 10 pe rcen t  of t h e  cy l inde r  f o r  va lues  of d / g ~ 2  l e s s  than 
20.18. A s  d / g ~  approaches i n f i n i t y  the  s o l u t i on  approaches t h e  l i n e  marked 
II I te on t h e  f i gu r e .  , However, t h e  t r a n s i t i o n  zone between d / g ~ 2  = 0.18 and 
i n f i n i t y  may y i e l d  c o e f f i c i e n t s  which a r e  sma l l e r  than the  " i n f i n i t y "  
s o l u t i o n ;  i n  f a c t ,  t he  c o e f f i c i e n t s  may become negat ive  very nea r  the  f r e e  
water  s u r f a c e ,  A l l  i n  a l l ,  t he  dev ia t ion  from the  two-dimensional r e s u l t  
and hence, t he  form of the  added mass term i n  Eq .  2.1-2 appears appropr ia te .  
I n  summary, t he  i d e a l  f l u i d  ana l y s i s  sugges ts  tha*t t h e  t h e o r e t i c a l  
model given i n  Eq .  2.1-2 i n  a  reasonable f i r s t  approximation wi th  some 
r e s e rva t i on  about t he  zone very nea r  the  f r e e  s u r f  ace. 
2.3 APPROACH TO DATA ANALYSIS 
I n  order  t o  determine the  fo rce  i n t e n s i t y  c o e f f i c i e n t s  i n  E q .  1.2-2, 
t h r e e  q u an t i t i e s  must be measured; namely, (1) t h e  force-time h i s t o r y  on 
smal l  s e c t i on s  of the  cy l inde r ,  f ,  (2) t h e  t ime-history of t h e  f l u c t ua t i on s  
of t h e  f r e e  water su r face  nea r  the  cy l inde r ,  and (3)  t he  motion of the  
cy l i nde r ,  The coe f f i c i en t s  may then be obtained by determining the  va lue  
of t he  c o e f f i c i e n t s  necessary t o  minimize the  mean square va iue  of the  
d i f f e r ence  be tween the  measured and t h e o r e t i c a l  f o r c e  i n t e n s i t y ,  i.e .  , t he  
d i f f e r ence  f  - f'. This  may be done i n  e i t h e r  t h e  time domain o r  t he  
frequency domain, 
- - - - - - -  
I n  t h e  f requency domain a n a l y s i s ,  t h e  power s p e c t r a l  d e n s i t y  
f unc t i on s  a r e  computed f o r  t h e  measured f o r c e  i n t e n s i t y  and t h e  t h e o r e t i c a l  
f o r c e  i n t e n s i t y  assuming t he  c o e f f i c i e n t s  t o  be  unknown c o n s t a n t s ,  The 
con s t an t s  a r e  s e l e c t e d  then  t o  minimize t h e  mean squa re  v a l u e  of  t h e  
- - - - - - - - -
- - - - - - .  
d i f f e r e n c e  between t h e  two power s p e c t r a .  Th i s  r e q u i r e s ,  however, t h a t  t h e  
l i n e a r i z e d  form of  t h e  t h e o r e t i c a l  f o r c e  i n t e n s i t y  g iven  i n  Eq. 2 .I-1 be  
used.  Fu r t h e r ,  i t  r e q u i r e s  t h a t  l i n e a r  wave theory  be  used t o  p rov ide  t h e  
t r a n s f e r  func t i on s  necessary t o  c~mputew a t e r  p a r t i c l e  v e l o c i t y  and a c c e l e r a -
t i o n  power s p e c t r a l  d en s i t y  f unc t i on s  from t h e  measured wave s p e c t r a .  The 
d e t a i l s  of a  method t o  accomplish t h i s  a n a l y s i s  a r e  g iven  i n  Chapter  3. 
I n  t h e  t i m e  domain a n a l y s i s  a c e r t a i n  t ime l e n g t h  of t h e  measured 
f o r c e  recorded  i s  used. The t ime h i s t o r i e s  of t h e  wa te r  p a r t i c l e  
k inema t i c s  a r e  determined from t h e  t i m e  h i s t o r y  of t h e  s u r f a c e  wave and 
t h e  f o r c e  i n t e n s i t y  c o e f f i c i e n t s  t r e a t e d  as unknown cons t an t s .  Then t h e  
v a l u e s  of t h e  c o e f f i c i e n t s  a r e  s e l e c t e d  t o  minimize t h e  mean s qua r e  
d i f f e r e n c e  between t he  measured and t h e o r e t i c a l  f o r c e  i n t e n s i t y  ove r  t h e  
t i m e  i n t e r v a l  used.  Again, l i n e a r  wave theory  must b e  used t o  compute 
f l u i d  p a r t i c l e  motion froin measured wave motion. I n  t h e  t t m e  domain 
a n a l y s i s ,  however, e i t h e r  t h e  non l i n e a r  o r  t h e  l i n e a r  form of  t h e  
t h e o r e t i c a l  f o r c e  i n t e n s i t y  may be used ,  i . e . ,  e i t h e r  E q .  1.2-2 o r  2.1-1 
may be  used. The d e t a i l s  of t h e  t ime domain a n a l y s i s  a r e  given i n  
Chapter  4 ,  
Of t h e s e  two methods, t h e  s p e c t r a l  method i s  more a t t r a c t i v e  
from t h e  p o i n t  of  view of u s ing  oceanographic  d a t a  and models of  a random 
s e a .  From a  s t r u c t u r a l  p e r s p e c t i v e ,  however, i t  i s  somewhat l im i t e d  t o  
p r o b a b i l i s t i c  a n a l y s i s  of e l a s t i c  response.  On the  o t h e r  hand, t h e  t ime 
domain approach can be used on ly  w i th  d i s c r e t e  samples of  a random s e a ,  
a f a c t  which g r e a t l y  i n c r e a s e s  t h e  amount of computat ional  e f f o r t  r equ i r ed  
t o  de te rmine  extreme response s t a t i s t i c s .  I n  compensation, t h e  t i m e  
domain approach pe rmi t s  s t r u c t u r a l  n o n l i n e a r i t i e s  t o  b e  incomporated i n  
t h e  a n a l y s i s .  I n  e i t h e r  c a se ,  t h e  a n a l y s i s  appears  t o  r e q u i r e  t h e  u s e  of 
l i n e a r  wave theory .  Some a sp e c t s  of t h i s  assumption a r e  d i s cus sed  i n  t h e  
n e x t  s e c t i o n .  
2 . 4  WAVE THEORIES 
S ince  wate r  p a r t i c l e  v e l o c i t y  and a c c e l e r a t i o n  cannot be 
measured e a s i l y ,  i t  i s  u su a l l y  neces sa ry  t o  measure wa te r  s u r f a c e  e leva-  
t i o n  produced by wave motion and t o  compute t h e  k i n ema t i c a l  q u a n t i t i e s  
from t h e s e  measurements accord ing  t o  some assumed wave theory .  Nonl inear  
wave t h e o r i e s  such a s  S tokes  and Cnoidal  t h e o r i e s  a r e  a v a i l a b l e  f o r  
p e r i o d i c  waves. However, non l inea r  f e a t u r e s  of  i r r e g u l a r  waves r e q u i r e  
assumptions i n  a d d i t i o n  t o  those  r equ i r ed  i n  t he  p e r i o d i c  cases  i n  o rde r  
t o  compute t he  k i n ema t i c a l  q u a n t i t i e s .  I n  any case  wave computations 
which account  f o r  non l i n e a r  e f f e c t s  a r e  cons iderab ly  more complex than 
t hose  neces sa ry  f o r  l i n e a r  wave t heo ry ,  I n  a d d i t i o n ,  s u i t a b l e  t h e o r e t i c a l  
approaches  t o  wave s p e c t r a  appear  t o  r e qu i r e  t h e  assumption t h a t  l i n e a r  
wave t heo ry  i s  accep t ab l e .  
p a r t i c u l a r  wave theory  t o  a s p e c i f i c  problem. One direct approach i s  t o  
de te rmine  t h e  d i f f e r e n c e s  i n  p e r t i n e n t  r e s u l t s  f o r  t h e  same q u a n t i t i e s  
computed u s ing  v a r i ou s  wave t h eo r i e s .  This  concept was explored  i n  a 
p r e l im ina ry  manner du r ing  t h e  course  of t he  p r e s en t  work by comparing 
r e s u l t s  from l i n e a r  wave theory and Stokes  t h eo r i e s  of va r ious  o r d e r s .  
F igure  2.4-1 is a r e p r e s e n t a t i v e  r e s u l t  from t h a t  a n a l y s i s .  The f i g u r e  
shows contours  of e q u a l  r a t i o s  of t o t a l  maximum drag  f o r c e ,  i . e . ,  
u du, computed according t o  Stokes  F i f t h  Order  t o  t h e  same 
q u a n t i t y  computed a c c o r d i n g ' t o  l i n e a r  wave theory .  The computation i s  
made a t  t h e  wave c r e s t  and t h e  i n t e g r a t i o n  i s  	from t h e  s e a b e d  t o  t h e  f r e e  
2 
water s u r f a c e .  The r e l a t i v e  wave h e i g h t ,  H/gT , and r e l a t i v e  water d e p t h ,  
2 
d/gT , a r e  t h e  p a r a m e t e r s  u s e d  	t o  i d e n t i f y  p a r t i c u l a r  wave c o n d i t i o n s .  
The b r e a k e r  i n d e x  bounds t h e  r e g i o n  i n  which p e r i o d i c  waves are p o s s i b l e .  
2 
I n  t h e  "deep" w a t e r  r ange ,  i.e.  , d / g ~-> 0.08 t h e  assumpt ion of  wave 
t h e o r y  h a s  less  t h a n  abou t  a 2 p e r c e n t  e f f e c t  on t h e  t o t a l  maximum d r a g  
f o r c e ,  i n  t h e  r a n g e  e x p l o r e d .  A s  t h e  r e l a t i v e  d e p t h  d e c r e a s e s  toward 
t h e  s h a l l o w  w a t e r  l i m i t ,  i.e.  , 	-< 0.0025,  t h e  d i f f e r e n c e s  between t h e  

g ~ 2-
 dtwo t h e o r i e s  grow l a r g e .  E v i d e n t l y ,  f o r  -> - 0 .06  d i f f e r e n c e s  g r e a t e r  
-2 
g'r 
t h a n  a b o u t  5  p e r c e n t  are n o t  l i k e l y  t o  o c c u r .  For  a  wave p e r i o d  o f  12  
s e c o n d s ,  t h i s  co r responds  t o  a  w a t e r  d e p t h  o f  o n l y  a b o u t  300 f t .  This i s  
a b o u t  t h e  d e p t h  beyond which dynamic e f f e c t s  are though t  t o  become 
i m p o r t a n t  i n  most  t empla te - type  o f f s h o r e  s t r u c t u r e s .  However, d i f f e r e n c e s  
between t h e o r i e s  are mos t -p redominen t  i n  t h e  t r o u g h  t o  c r e s t  zone f o r  
v e l o c i t y  dependen t  f a c t o r s ,  S i m i l a r  c o n c l u s i o n s  can be  d r a m  f o r  maximum 
d r a g  moments, and f o r c e s  and moments a s s o c i a t e d  w i t h  l o c a l  p a r t i c l e  
a c c e l e r a t i o n .  Fur the rmore ,  comparison between S t o k e s  3 and 4 o r d e r s  w i t h  
l i n e a r  t h e o r y  y i e l d  rough ly  t h e  same r e s u l t s  f o r  d / g ~ 2  > -. 0.06.  
Accord ing ly ,  t h e  a n a l y s i s  o f  d a t a  o b t a i n e d  i n  t h e  c u r r e n t  tes t  s e r i e s  were 
a n a l y z e d  u s i n g  l i n e a r  t h e o r y .  
CHAPTER 3 
LISEA.VIIZED FORCE COEFFICIEXTS PRO?I IlEASLRED FORCE SPECTRA 
3 .1  INTRODUCTION 
According  t o  t h e  l i n e a r i z e d  f o r c e  t h e o r y  d e s c r i b e d  i n  Chap t e r  2 ,  
t h e  t h e o r e t i c a l  f o r c e  i n t e n s i t y ,  f f ,  i s  g i v e n  by t h e  f o l l ow i n g  e q u a t i o n .  
T h i s  d e s c r i b e s  t h e  f o r c e  i n t e n s i t y  on a r i g h t  c i r c u l a r  c y i i n d e r  w i t h  a 
l o n g i t u d i n a l  a x i s  o r i e n t e d  i n  t h e  v e r t i c a l  d i r e c t i o n .  The q u a n t i t i e s  %L ' 
KI, and Rm a r e  g e n e r a l i z e d  f o r c e  c o e f f i c i e n t s .  The h o r i z o n t a l  w a t e r  
p a r t i c l e  v e l o c i t y  and a c c e l e r a t i o n  a r e  r e p r e s e n t e d  by fi and ii r e s p e c t i v e l y .  
The v e l o c i t y  and a c c e l e r a t i o n  o f  t h e  p o i n t  i n  q u e s t i o n  of t h e  s t r u c t u r e  
a r e  k and 2 r e s p e c t i v e l y .  The g e n e r a l i z e d  f o r c e  c o e f f i c i e n t s  a r e  d e f i n e d  
by  t h e  f o l l ow i n g  e x p r e s s i o n s ,  
The c o e f f i c i e n t s  CIj, CI Cx9 a r e  t h e  d r a g ,  i n e r t i a l  and added mass 
c o e f f i c i e n t s  r e s p e c t i v e l y .  Water  d e n s i t y  i s  r and t h e  c y l i n d e r  d i am e t e r  i s  
D. The q u a n t i t y  i s  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  r e l a t i v e  w a t e r  
v+ 

p a r t i c l e  v e l o c i t y  de f i r i ed  i n  t h e  s ub s equen t  d i s c u s s i o n ,  
It i s  conven i en t  t o  r e w r i t e  Eq. 3 , l - 1  i n  t e rms  of  r e l a t i v e  mot ion  
c o o r d i n a t e s .  Acco rd i ng l y ,  l e t  t h e  r e l a t i v e  mot ion  be tween t h e  f l u i d  
p a r t i c l e s  a d  t h e  s t r u c t u r e  a t  t h e  p o i n t  i n  q u e s t i o n  be  g i v e n  by t h e  
f o l l ow i n g  e x p r e s s i ~ n s .  
- - 
where v, i., and -V a r e  the  r e l a t i v e  displacement, ve loc i ty  and acce le ra t ion  
respec t ive ly .  Also l e t  the c o e f f i c i e n t  K be defined as fol lows.A 
Then K may be expressed i n  terms of the  i n i t e r i a  and added mass c o e f f i c i e n t sA 
as  follows. 
Using Eq. 3.1-6, 3.1-7, and the d e f i n i t i o n  i n  E q .  3.1-8, the t h e o r e t i c a l  
fo rce  i n t e n s i t y  given i n  Eq .  3.1-1 may be rewri t ten  as follows. 
The expression given i n  t h i s  l a s t  equation i s  convenient f o r  t h e  ana lys i s  
of data ,  
Now l e t  the a c t u a l  measured fo rce  i n t e n s i t y  be given by the  
-
quant i ty  f .  Then the power s p e c t r a l  densi ty  funct ion,  S f f 9  of the  measured 
fo rce  is defined as  
= 	l i m  

s w  

[ o ]where o i s  the c i r c u l a r  frequency and t i s  time. The symbol i s  used t o  
denote funct ional  dependence ; i.e .  , Sf [ o ]  means t h a t  the power s p e c t r a l  
densi ty function i s  a function of the  c i r c u l a r  frequency o .  Now l e t  the 
power s p e c t r a l  densi ty  of the t h e o r e t i c a l  force  i n t e n s i t y  be c a l l e d  Sf P f V O  
Then i t  i s  des i red  to  s e l e c t  the  coef f i c ien t s  I$L9 K13 and KA such t h a t  the 
e r r o r ,  e ,  between the .square of the  measured force  spectrum, and the S f f 3  
t h e o r e t i c a l  force  spectrum, i s  a minimum. The e r r o r  i s  defined 
according t o  the following expression. 
Ev i d e n t l y  t h e  e r r o r  w i l l  b e  i n  minimum when t h e  f i r s t  d e r i v a t i v e s  of t h e  
e r r o r  w i t h  r e s p e c t  t o  t h e  g e n e r a l i z e d  f o r c e  c o e f f i c i e n t s  v a n i s h ;  t h a t  i s  
and t h e  a p p r o p r i a t e .  c ond i t i o n s  p e r t a i n i n g  t o  second  d e r i v a t i v e s  are m e t .  
The method o u t l i n e d  i n  t h i s  c h ap t e r  assumes t h a t  t h e  g e n e r a l i z e d  
f o r c e  c o e f f i c i e n t s  can be  s e l e c t e d  by t h e  c r i t e r i a  which min imizes  t h e  
s t a t e d  s q u a r e  e r r o r  between t h e  measured and t h e o r e t i c a l  f o r c e  s p e c t r a .  I n  
t h e  f o l l ow i ng  s e c t i o n s  o f  t h i s  c h ap t e r  e xp r e s s i o n s  a r e  developed f o r  t h e  
computa t ion  of t h e  power s p e c t r a  d e n s i t y  f u n c t i o n  f o r  t h e  t h e o r e t i c a l  
f o r c e  spec t rum.  Subsequen t ly ,  e xp r e s s i o n s  a r e  developed f o r  t h e  computa- 
t i o n  of  t h e  g en e r a l i z e d  f o r c e  c o e f f i c i e n t  f o r  t h e  c a s e  of  s t a t i c  s t r u c t u r a l  
r e sponse  and f o r  t h e  c a s e  o f  dynamic s t r u c t u r a l  r e sponse .  
3 , 2  COMPUTATION OF THEORETICAL FORCE SPECTRA 
I n  t h i s  s e c t i o n  t h e  e qu a t i o n  f o r  computing t h e  power f o r c e  
s p e c t r a  d e n s i t y  f o r  t h e  t h e o r e t i c a l  f o r c e  i n t e n s i t y  i n  terms of  t h e  s p e c t r a  
f o r  t h e  r e l a t i v e  motion q u a n t i t i e s  i s  developed.  Th i s  development i s  based  
on t h e  assumpt ion t h a t  t h e  f u n c t i o n s  i nvo lved  may b e  viewed as the r e s u l t  
of a random p r o c e s s  which i s  s t a t i o n a r y  and e r god i c ,  and  which h a s  a z e ro  
mean v a l u e .  
Consider  f i r s t  t h e  f o r c e  spec t rum f o r  t h e  measured f o r c e .  F i g u r e  
3 , 2 - 1  shows s c h ema t i c a l l y  an  ensemble of r e co rd s  f o r  measured f o r c e  
i n t e n s i t y .  The expec ted  v a l u e  o r  ensemble average  of t h e  s e t  o f  f u n c t i o n s  
a t  t i m e  t i s  g iven  a s  fo l lows1 
where E[* 1 i s  t h e  e xpec t a t i on  ope r a t o r .  On t h e - o t h e r  hand, t h e  t ime average 
of t h e  ithreco rd  of t h e  ensemble i s  g iven  accord ing  t o  the fo l l owing  
exp re s s ion .  
l i m  
s-
where t he  symbol < * >  i s  used t o  denote  t h e  t i n e  average.  If t h e  ensemble 
average g iven  by t h e  Eq .  3.2-1 and the t ime average given by Eq .  3.2-2 a r e  
i d e n t i c a l  f o r  a l l  members of t h e  ensemble t h e  p roces s  i s  s a i d  t o  be e r god i c .  
The p roces s  i s  de f ined  a s  s t a t i o n a r y  i f  a l l  ensemble averages  a r e  independ-
2
e n t  of t i m e .  By d e f i n i t i o n  t h e  v a r i a n c e ,  Qff9 of t h e  measured f o r c e  
i n t e n s i t y  i s  given by t h e  fo l lowing  exp re s s ion ,  
However, f o r  a zero  mean random v a r i a b l e  as assumed h e r e ,  t h e  va r i ance  is  
t h e  mean squa re  va lue  as fo l lows .  
l i m  
S-tCO 
Also, t h e  va r i ance  is  t h e  a r e a  under t h e  s p e c t r a l  d e n s i t y  f unc t i on  f o r  a 
zero mean, s t a t i o n a r y ,  random p roces s .  Accordingly i t  may be  c a l c u l a t e d  
by 
-where t h e  symbol S i s  used t o  denote  a two-sided spectrum which is  de f inedf  f  
f o r  bo t h  p o s i t i v e  and n ega t i v e  f r equenc i e s .  An e qu i v a l en t  way of  repre -  
s e n t i n g  t h e  same spectrum s i n c e  i t  i s  an even f unc t i on  of f requency f o r  a 
r e a l  f u n c t i o n  i s  a s  a one-sided spectrum de f ined  a s  fo l lows .  
S f f 9  t h e  one-sided spectrum, which i s  nonzero f o r  p o s i t i v e  f r equenc i e s  
on ly ,  is  more convenient  i n  numer ica l  i n t e g r a t i o n .  According t o  t h i s  
d e f i n i t i o n ,  the  v a r i a n c e  i s  a s  fo l l ows .  
A s t a t i s t i c a l  q u an t i t y  which can b e  c a l c u l a t e d  from t h e  ensemble 
i s  t h e  a u t o c o r r e l a t i o n  f unc t i on ,  Rff  [ T I ,  which is  de f ined  by t h e  fo l lowing  
exp re s s ion .  
The a u t o c o r r e l a t i o n  func t ion  i s  t h e  ensemble average of the  produc t  of t h e  
random f o r c e  i n t e n s i t i e s  a t  times t and t + r .  I f  t h e  random process  i s  
s t a t i o n a r y ,  then t he  f unc t i on  i s  independent  of t he  va lue  of t h e  t ime 
s h i f t ,  T .  
The power s p e c t r a l  d en s i t y  r e p r e s en t s  a measure of t h e  f o r c e  
i n t e n s i t y  i n  t h e  f requency domain whereas t h e  a u t o co r r e l a t i on  f unc t i on  re-
p r e s en t s  a measure i n  t h e  t ime domain. According t o  t he  Wiener-Khintchine 
theorem, t h e  two q u a n t i t i e s  a r e  r e l a t e d  i n  t h a t  they c o n s t i t u t e s  a f o u r i e r  
t rans form p a i r .  Accordingly t h e  power s p e c t r a l  d en s i t y  and t h e  auto-
c o r r e l a t i o n  func t i on  may be  r ep re sen t ed  by t h e  fo l lowing  equa t ion .  
Using t h e  preced ing  d e f i n i t i o n s ,  t h e  t h e o r e t i c a l  f o r c e  i n t e n s i t y  
s p e c t r a l  d e n s i t y  may be  computed. According t o  Eq .  3.2-9, t h e  auto- 
c o r r e l a t i o n  f unc t i on  of  t h e  t h e o r e t i c a l  f o r c e  i n t e n s i t y  spectrum i s  def ined  
a s  fo l l ows ,  
When t h e  t h e o r e t i c a l  f o r c e  i n t e n s i t y  de f ined  by Eq .  3.1-10 i s  s u b s t i t u t e d  
i n t o  Eq .  3.2-12 t h e  fo l lowing  r e s u l t s .  
Now tho c r o s s - co r r e l a t i on  f unc t i on  and c r o s s - s p e c t r a l  dens i ty  f unc t i on  of 
two random v a r i a b l e s  may be de f ined  u s ing  a s  examples t h e  h o r i z o n t a l  
r e l a t i v e  v e l o c i t y  and t h e  s t r u c t u r a l .  a c c e l e r a t i o n  a s  fo l l ows .  
R + ~ [ T ]= E [ * [ t ] x [ t + ~ ] ]  
+s/2 +s/2 ( + [ t ]  e x p [ i ~ t ] d t ) i  / f [ t ]  e xp [ - i o t l d t  
Here t h e  c r o s s  c o r r e l a t i o n  i s  R. [ T ]  and t h e  c r o s s  s p e c t r a l  d en s i t y  i s  
vx

-
S* [G]. Accordingly,  t h e  r i g h t  hand s i d e  of  t h e  Eq.  3.2-13 may be r ew r i t  t e n  
i n  terms of  c o r r e l a t i o n  f unc t i on s  w i th  t h e  fo l l owing  r e s u l t s .  
R f r  f T  [T] = K~DL R.. w[r] + K
2 
I R w[r] + KA 
2 RZX[ r ]  
And now t h e  c r o s s - s p e c t r a l  d en s i t y  f unc t i on s  and t he  corresponding c ross -
c o r r e l a t i o n  func t i ons  a r e  r e l a t e d  through a s im i l a r  f o u r i e r  t rans form 
r e l a t i o n s h i p  t o  t h a t  g iven  i n  Eq. 2.3-10 and 2.3-11. Thus t h e  power 
s p e c t r a l  d e n s i t y  f unc t i on  f o r  t he  t h e o r e t i c a l  f o r c e  i n t e n s i t y  may be 
w r i t t e n  a s  fo l lows .  
.., -4 
It  is  r e a d i l y  shown t h a t  t h e  c ro s s - spec t r a  S .  and S... may be computed from 
-
w vv 
t h e  power s p e c t r a l  d en s i t y  f unc t i on  S..  accord ing  t o  t h e  fo l lowing  equa t i ons .  
w 
S.. . = -ioS . . 
VV VV 
Thus t h e  sum of t h e s e  two c ros s  s p e c t r a  a r e  ze ro  which e l im ina t e s  t h e  
f o u r t h  term on t h e  r i g h t  hand s i d e  of Eq. 3,2-17. Furthermore,  t h e  sums of 
s p e c t r a  w i th  in te rchanged  i nd i c e s  a r e  a s  g iven  i n  t h e  fo l lowing  equa t i ons .  
I f  Eqs. 3.2-18 t o  3.2-21 a r e  i n s e r t e d  i n  E q .  3.2-17, t h e  fo l lowing  f i n a l  
equa t i on  g i v e s  t h e  power s p e c t r a l  d en s i t y  f unc t i on  of t h e  measured f o r c e .  
Accordingly,  t h e  power s p e c t r a l  d e n s i t y  f o r  t h e  t h e o r e t i c a l  f o r c e  i n t e n s i t y  
may b e  computed from t h e  s p e c t r a  d e n s i t i e s  and c r o s s - s p e c t r a l  d e n s i t i e s  o f  
t h e  r e l a t i v e  motion and s t r u c t u r a l  motion q u a n t i t i e s .  
When the  s t r u c t u r e  responds i n  a s t a t i c  manner t h e  t h e o r e t i c a l  
- * - -
f l u i d - s t r u c t u r e  i n t e r a c t i o n  f o r c e s  depend on ly  on t h e  motion of  t h e  l i q u i d .  
Then E q .  3.1-1 reduces  t o  t he  fo l lowing .  
- -.- -
and t h e  power s p e c t r a l  d en s i t y  f o r  t h e  measured f o r c e  i n t e n s i t y  g iven  by 
Eq .  3,2-22 is  a s  fo l lows .  
..a 
= Kn2 w S....S.,  + K
s f ' f '  L uu I uu 
F i n a l l y  t h e  t o t a l  e r r o r  t o  be minimized accord ing  t o  E q .  3.3-2 and 3.1-12 
i s  t h e  fo l lowing .  
t h e  t o t a l  e r r o r ,  e ,  w i l l  be  e i t h e r  a  maximum o r  minimum i f  t h e  fo l lowing  
equa t i ons  a r e  s a t i s f i e d ,  ---,.. - -
I n  a dd i t i on ,  t h e  fo l lowing  equa t ions  must be- s a t i s f i e d  t o  i n s u r e  a  minimum. 
The s a t i s f i c a t i o n  of  Eqs. 3.3-4 and 3.3-5 w i l l  y i e l d  a s e t  of l i n e a r  
s imul taneous  equa t i ons  i n  which t h e  unknowns a r e  t h e  square  of t h e  genera l -  
i z e d  f o r c e  c o e f f i c i e n t s .  Thus t h e s e  equa t i ons  a long w i th  Eq. 3.3-3 y i e l d s  
t h e  fo l l owing  r e s u l t s  . 
where 
+co 
a,, = 1 g?. do 
uu 

-m 
It  i s  apparen t  from t h e  formula of Eq .  3.3-3 t h a t  t h e  remaining cond i t i on s ,  
i . e . ,  E q s .  3.3-6 - 3.3-8 a r e  s a t i s f i e d .  Accordingly,  t h e  s imultaneous 
- -- 
equa t ions  g iven  i n  Eq. 3.3-9 may be so lved  t o  y i e l d  t h e  gene ra l i z ed  co-
e f f i c i e n t s  a s  fo l l ows .  
b a  - - b a  
2 - 1 22 2  12  (3.3-15)2 
a l l a22  - a12 
b a  - b a2 - 2 1 1  1 1 2  
_-(3.3-16)K~ - 2 
a l la22  - a12 
I n  o r d e r  t o  c a r r y  o u t  t h e  c a l c u l a t i o n s  i n d i c a t e d  above i t  is neces sa ry  t o  
compute v a r i ou s  wa te r  p a r t i c l e  k inemat ic  s p e c t r a .  They may be  computed 
e a s i l y  from t h e  power s p e c t r a l  d e n s i t y  f unc t i on  of t h e  f r e e  wate r  s u r f a c e  
e l e v a t i o n ,  S , by assuming t h a t  t h e  wa t e r  p a r t i c l e  k inemat ics  can b e
nrl 

desc r ibed  by l i n e a r  wave theory .  Here t h e  power s p e c t r a l  d en s i t y  f unc t i on  
f o r  t h e  f r e e  s u r f a c e  wa te r  e l e v a t i o n  i s  t h a t  spectrum commonly termed t h e  
"wave spectrum". 
I n  a dd i t i on  t o  t h e  assumptions no ted  e a r l i e r ,  t h e  fo l lowing  
exp re s s ions  f o r  t h e  power s p e c t r a l  d e n s i t y  f unc t i on s  f o r  wate r  p a r t i c l e  
k i n ema t i c a l  q u a n t i t i e s  assume t h a t  t h e  phase angle  ' a s soc i a t ed  w i th  v a r i ou s  
wave component f r equenc i e s  i s  a random v a r i a b l e .  It i s  f u r t h e r  assumed 
t h a t  t he  p r o b a b i l i t y  d e n s i t y  f unc t i on  f o r  t h e  phase angle  is uniform 
between t h e  va lues  of  z e ro  and IT and o the rwi se  i s  ze ro .  These a r e  t h e  
u sua l  assumptions made i n  o r d e r  t o  d e s c r i b e  a random s e a  from s u r f a c e  wave 
s p e c t r a .  Using t h e s e  assumptions,  i t  may be shown ( s e e  Tucker (11) f o r  
example) t h a t  t h e  power s p e c t r a l  d e n s i t y  of a  wa t e r  p a r t i c l e  
k i n ema t i c a l  q u a n t i t y  such a s  h o r i z o n t a l  p a r t i c l e  v e l o c i t y  is  equa l  t o  
a t r a n s f e r  f unc t i on  mu l t i p l i e d  by t h e  wate r  s u r f a c e  e l e v a t i o n  spectrum, 
Accordingly,  the following equa t ions  desc r ibe  t h e  needed q u a n t i t i e s  
S. .  = r . ,  S (3.3-18)
UU uu rlrl 
where t h e  power s p e c t r a l  d en s i t y  f unc t i on  f o r  h o r i z o n t a l  wa t e r  p a r t i c l e  
-
disp lacement ,  v e l o c i t y ,  and a c c e l e r a t i o n  a r e  given by t he  q u a n t i t i e s  S 
uu ' 
... ... 
S., , S.... r e s p e c t i v e l y .  S im i l a r l y ,  t h e  t r a n s f e r  f unc t i ons  f o r  h o r i z o n t a l  wa t e r  
uu uu 
T...., r e s p e c t i v e l y .  The t r a n s f e r  f unc t i on s  needed i n  t h i s  a n a l y s i s  a r e  g iven
uu 
as fo l l ows .  
where k i s  t h e  wave number, d is t h e  wa te r  dep th ,  and g is t h e  a c c e l e r a t i o n  
of g r av i t y ,  Tka quantity z is  the  v e r t i c a l  d i s t a n c e  above t h e  seabed of t h e  
p o i n t  of i n t e r e s t ,  
The e f f e c t i v e  va lue  of Reynolds number and Kuelegan-Carpenter 
number can be  computed from t h e  fo l lowing  exp re s s ions ,  
where $2 and Q.. a r e  t h e  s t anda rd  d ev i a t i on s  of t h e  h o r i z o n t a l  p a r t i c l e  
uu uu 
d i sp lacement  and v e l o c i t y  r e s p e c t i v e l y .  The mass d en s i t y  of t h e  f l u i d  is  
p and i t s  v i s c o s i t y  i s  v .  The s t anda rd  d ev i a t i on s  needed t o  e v a l u a t e  
t h e s e  exp re s s ions  can be  computed from t h e  fo l lowing  equa t i ons ,  
I n  t h i s  s e c t i o n  t h e  e q u a t i o n s  n e c e s s a r y  t o  e v a l u a t e  t h e  g e n e r a l i z e d  
f o r c e  c o e f f i c i e n t s  g i ven  t h e  spec t rum of t h e  measured f o r c e  and t h e  spec t rum 
of  t h e  w a t e r  s u r f a c e  e l e v a t i o n  have  been  developed.  I n  t h e  n ex t  s e c t i o n  a 
s i m i l a r  d e r i v a t i o n  i s  p r e s e n t e d  f o r  d e t e rm in ing  t h e  c o e f f i c i e n t s  when t h e  
s t r u c t u r e  i s  respond ing  dynamica l ly  r a t h e r  t h a n  s t a t i c a l l y .  
3 . 4  CROSS-SPECTRAL DENSITY FUNCTIONS 
The d e t e rm i n a t i o n  o f  f o r c e  c o e f f i c i e n t s  i n  s i t u a t i o n s  where dynamic 
s t r u c t u r a l  r e sponse  is  p r e s e n t  i s  somewhat more compl ica ted  t h an  t h e  pro- 
c edu r e  d e s c r i b e d  i n  t h e  p r eceed ing  s e c t i o n ,  One of  the  a d d i t i o n a l  
comp l i c a t i on s  i s  t h e  need  i n  t h e  a n a l y s i s  t o  compute t h e  c r o s s - s p e c t r a l  
d e n s i t y  f u n c t i o n s  a s s o c i a t e d  w i t h  v a r i o u s  p a i r s  of  measured d a t a .  I n  
p a r t i c u l a r ,  i t  i s  r e q u i r e d  t o  compute t h e  c r o s s - s p e c t r a l  d e n s i t y  f u n c t i o n  
between v a r i o u s  q u a n t i t i e s  f o r  t h e  s t r u c t u r e  and t h e  f l u i d  p a r t i c l e s .  Th i s  
s e c t i o n  d e s c r i b e s  t h e  method of  computing t h e s e  c r o s s - s p e c t r a l  d e n s i t y  
f u n c t i o n s .  F o r  i l l u s t r a t i o n a l  pu rpose s ,  t h e  c r o s s - s p e c t r a l  d e n s i t y  f u n c t i o n  
between t h e  s t r u c t u r a l  d i sp l a cemen t ,  x, and t h e  wa t e r  p a r t i c l e  d i sp l a cemen t ,  
u ,  i s  u sed ,  According t o  Eq. 3.2-15 t h e  c r o s s - s p e c t r a l  d e n s i t y  f o r  
s t r u c t u r a l  d i sp lacement  and wa t e r  p a r t i c l e  d i sp l a cemen t  i s  a s  f o l l ows .  
x  [ t ] e x p  [ i o t ]  d t  IT: u [t]exp [ - i o t ]  d t  .% 
S [ o ]  = l i m  (3.4-1)XU 27fs 
S-tOJ 
Le t  the q u a n t i t y  b e  def ined  accord ing  t o  t h e  fo l lowing  e xp r e s s i o n .  
sI t  is  c l e a r  t h a t  a s  t h e  l i m i t s  of  i n t e g r a t i o n ,  2, i n c r e a s e ,  t h e  q u a n t i t y  
i s  t h e  F o u r i e r  t rans form of t h e  wa te r  d i sp lacement .  And then t h e  exp re s s ion  
f o r  5 i s  g iven  a s  fo l l ows .  
XU 

x [ t ] e x p  [ iot]dt}Cu[o]  3 
w 
S = l i m  
XU s 
s-
The Fou r i e r  t rans form of t h e  wate r  p a r t i c l e  v e l o c i t y  must now be 
c a l c u l a t e d  from the  measured wate r  s u r f a c e  e l e v a t i o n  da t a .  Suppose t h e  
, p o t e n t i a l  f unc t i on ,  4 ,  a s s o c i a t e d  w i th  a p a r t i c u l a r  measured wate r  s u r f  a ce  
p r o f i l e  i s  de f ined  a s  fo l lows .  
-03 
cash 'kzl exp [ - i ]  (kx-o t )  1do 
+ co i N [ o l g ~ s h [ k d ]  
The c i r c u l a r  f requency and wave numbers a r e  r e l a t e d  i n  t h e  u s u a l  way. 
According t o  l i n e a r  wave theory ,  t h e  wa te r  s u r f a c e  e l e v a t i o n ,  rl i s  g iven  
by t he  fo l lowing  express  i on .  
Here r-l is measured p o s i t i v e  upward from t h e  f r e e  wa te r  s u r f a c e .  Accordingly,  
q i s  g iven  by t he  fo l lowing  express ion .  
E v i d e n t l y  t h e  q u a n t i t i e s  11 and N r e p r e s e n t  F o u r i e r  t ransform p a i r s .  

Accordingly t h e  func t i on  N i s  given by t h e  fo l lowing  exp re s s ion .  

n [ t ]  exp [ - i o t ]  d t  
-w 
The f u n c t i o n  N may be determined from t h e  wa te r  s u r f a c e  e l e v a t i o n  t r a c e  and 
t h u s  t h e  p o t e n t i a l  f un c t i on  acco rd ing ly  t o  t h e  Eq. 3.4-4 i s  e s t a b l i s h e d .  
The h o r i z o n t a l  displacement  of  t he  wa te r  p a r t i c l e  w i t h  i n i t i a l  p o s i t i o n  
a t  t he  coo rd ina t e s  x and z and may be w r i t t e n  a s  fo l l ows .  
[ I exp [- i  (kx-at)  ]  da ~=.r,-:CJ 
This  equa t i on  i s  de r ived  from Eq. 3.4-4 i n  t h e  u su a l  manner: 6 = - -a' and 
ax 
i s  determined by i n t e g r a t i n g  t h e  h o r i z o n t a l  v e l o c i t y  wi th  r e s p e c t  t o  t i m e .  
A t  t he  p o i n t  x = o,  t h e  Eq. 3.4-9 t akes  t h e  form of t h e  Fou r i e r  t rans form 
of t he  wate r  p a r t i c l e  displacement .  Accordingly t h e  Fou r i e r  t r ans fo rm of 
t h e  wate r  p a r t i c l e  d i sp lacement  i s  g iven  by t h e  fo l l owing  equa t i on .  
Thus t he  exp re s s ion  f o r  t he  c r o s s  s p e c t r a l  d e n s i t y  f unc t i on  can be ob t a ined  
by s u b s t i t u t i n g  t h e  Eq .  3.4-10 i n t o  Eq. 3.4-3. The r e s u l t  of  t h i s  and 
u s ing  Eq. 3.4-5 fo l lows .  
cosh [kz] 
x f t l e x p  [ i o t Id t3{ iN  [dsinh Ikd] 1 
-
S = l i m  
XU 
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3.5 FORCE COEFFICIENTS FOR DYNAMIC STRUCTURAL RESPONSE 
The g ene r a l  theory  from which t h e  f o r c e  c o e f f i c i e n t s  may be 
determined f o r  cases  where dynamic s t r u c t u r a l  response occurs  i s  ou t l i n ed  
i n  s e c t i o n s  1 and 2 of t h i s  chap t e r .  I n  p r i n c i p l e ,  t h e  l a bo r a t o r y  d a t a  
a v a i l a b l e  f o r  t h e  de t e rmina t i on  c o n s i s t s  of  3 q u a n t i t i e s :  (1) the  f o r c e  
i n t e n s i t y  measured a t  t h e  p o i n t  of i n t e r e s t  on t h e  s t r u c t u r e ,  f ;  ( 2 )  t h e  
displacement  of  t h e  s t r u c t u r e  a t  t h e  p o i n t  of i n t e r e s t ,  x; (3)  and t h e  
wate r  s u r f a c e  d i sp lacement  measured a t  a p o i n t  having t h e  same coo rd ina t e s  
i n  t h e  h o r i z o n t a l  p l a n e  a s  do t h e  f o r c e  and d i sp lacement ,  q. The t h r e e  
q u a n t i t i e s  a r e  func t i ons  of  t ime, From them it  i s  d e s i r e d  t o  de te rmine  t h e  
g ene r a l i z ed  f o r c e  c o e f f i c i e n t s .  The b a s i s  f o r  t h e  method i s  t h e  comparison 
between t h e  power s p e c t r a l  d en s i t y  f o r  t h e  measured f o r c e ,  S f f  and t h e  
power s p e c t r a l  d en s i t y  func t i on  given by t h e  t h e o r e t i c a l  f o r c e  model and 
de f ined  i n  E q .  3,2-17, The gene ra l i z ed  f o r c e  c o e f f i c i e n t s  a r e  s e l e c t e d  
such  t h a t  t h e  t o t a l  squa re  e r r o r  between t h e  measured f o r c e  i n t e n s i t y  f o r c e  
spec t rum and t h e  t h e o r e t i c a l  f o r c e  i n t e n s i t y  spectrum i s  a  minimum a s  
s t a t e d  i n  Eq .  3-1-12, This  c r i t e r i a  l e ad s  t o  t h e  se t  of s imul taneous  
e qua t i on s  de f ined  by 3.1-13 through 3.1-15. 
Although a t t r a c t i v e  i n  theory ,  t h e  procedure de sc r ibed  l e a d s  t o  
c e r t a i n  p r a c t i c a l  d i f f i c u l t i e s  . I n  t h e  f i r s t  c a se ,  t h e  c r i t e r i a  de r ived  
from minimizing t h e  mean t o t a l  e r r o r  l e ad s  t o  a  non l i n e a r  s e t  of 
s imul taneous  equa t i ons  which r e qu i r e s  s p e c i a l  procedures  f o r  s o l u t i o n .  I n  
a d d i t i o n ,  i n  ca se s  i nvo lv ing  t h e  response of f i x e d  s t r u c t u r e s ,  t h e  
magni tudes  of  p a r t i c l e  motion i n  t h e  f l u i d  a r e  u s u a l l y  s u b s t a n t i a l l y  
l a r g e r  t han  t h e  magnitude of t h e  s t r u c t u r a l  a c c e l e r a t i o n .  Consequent ly ,  
terms i n  t h e  exp re s s ion  f o r  t he  t h e o r e t i c a l  power f o r c e  s p e c t r a l  d e n s i t y  
inc luding t h e  s t r u c t u r a l  a c c e l e r a t i o n  are a p t  t o  b e  smal l  w i t h  respect  t o  
t ho s e  terms which i nvo lve  a c c e l e r a t i o n s  and v e l o c i t i e s  of t h e  f l u i d  
p a r t i c l e s .  There i s  one p a r t i c u l a r  range of cond i t i ons  f o r  which t h i s  is  
a lmos t  always t r u e .  Th i s  i s  f o r  s i t u a t i o n s  i n  which t h e  dynamic s t r u c t u r a l  
response  i s  on ly  s l i g h t l y  d i f f e r e n t  than  t h e  s t a t i c  response  might  be .  
Tha t  i s  t h e  ca se  of t h e  t r a n s i t i o n  between s t r u c t u r e s  which a r e  
e s s e n t i a l l y  s t a t i c  and t hose  f o r  which dynamic motion might be q u i t e  
s u b s t a n t i a l .  I n  any ca se ,  i t  i s  d e s i r a b l e  t o  modify t h e  approach s l i g h t l y  
i n  o r d e r  t o  count  f o r  t h e s e  p r a c t i c a l  d i f f i c u l t i e s .  
A modif ied approach t o  t h e  de t e rmina t i on  o f  t h e  g ene r a l i z ed  
f o r c e  c o e f f i c i e n t s  is  desc r ibed  i n  t h i s  s e c t i o n .  I n  l a t e r  paragraphs  a 
d i s c u s s i o n  i s  g iven  of t h e  d i f f e r en c e  between t h e  modif ied method and t h e  
d i r e c t  a p p l i c a t i o n  of t h e  b a s i c  method desc r ibed  i n  t h e  earl ier  s e c t i o n s  of  
t h i s  chap t e r .  I n  any case ,  t h e  de t e rmina t i on  of c o e f f i c i e n t s  r e q u i r e s  t h e  
c a l c u l a t i o n  of t h e  power s p e c t r a l  d e n s i t y  f o r  t h e  r e l a t i v e  motion between 
t h e  s t r u c t u r e  and t h e  l i q u i d  and t h e  c r o s s  s p e c t r a l  d e n s i t y  f u n c t i o n s  
i nvo l v i ng  s t r u c t u r a l  and f l u i d  kinematic q u a n t i t i e s .  Exp re s s ions  f o r  t h e  
computation of  t h e s e  s p e c t r a  a r e  a l s o  d i s cus sed  i n  t h i s  s e c t i o n .  The 
modif ied method of  de te rmin ing  t h e  f o r c e  c o e f f i c i e n t  of dynamic s t r u c t u r a l  
response  i s  based on two f unc t i on s  f e P  and fBPOwhich a r e  de f ined  by t h e  
fo l l owing  equa t i ons .  
t h e  f o r c e  i n t e n s i t y  f 9  i s  t h e  d i f f e r e n c e  between t h e  measured f o r c e  and 
t h e  q u a n t i t y  KA2 assuming t h a t  t h e  c o e f f i c i e n t  KA i s  known. Quan t i t y  f  ' ' 
i s  t h a t  c on t r i bu t i on  t o  t h e  t o t a l  t h e o r e t i c a l  f o r c e  i n t e n s i t y  of  t h e  
r e l a t i v e  v e l o c i t y  and a c c e l e r a t i o n  terms. Then t h e  t o t a l  squared  e r r o r  e '  
between t h e s e  two f unc t i on s  i s  a s  fo l l ows ,  
where t h e  power s p e c t r a l  d en s i t y  used  in t he  e r r o r  equa t i ons  r e l a t e  t o  
those  d e n s i t i e s  a s s o c i a t e d  wi th  . the  f o r c e  i n t e n s i t i e s  f "  and f"  '. The 
power s p e c t r a l  d e n s i t y  i s  a s s o c i a t e d  wi th  f '  ' i s  a s  fo l l ows ,  
Note t h a t  f f  t h e  s t r u c t u r a l  a c c e l e r a t i o n  i s  z e r o  t h i s  equa t i on  reduces  t o  
t h e  same spectrum computed f o r  s t a t i c  s t r u c t u r e s  i n  t h e  p r eced ing  s e c t i o n s .  
The c ro s s  s p e c t r a l  d e n s i t y  f o r  t h e  f o r c e  i n t e n s i t y  f9' i s  g iven  by t h e  
fo l l owing  r e l a t i o n s h i p ,  
- - 
- - -- 
- -  - - 
where t h e  c r o s s  s p e c t r a l  c ro s s  d en s i t y  between t h e  measured f o r c e  and 
a c c e l e r a t i o n  i s  5fit and the  power s p e c t r a l  d en s i t y  f o r  t h e  s t r u c t u r a l  
a c c e l e r a t i o n  i s  g..... The symbol Re[ . ]  used i n  t h i s  equa t ion  i n d i c a t e s  t h e  
xw 

r e a l  p a r t  of  t h e  cross-spectrum inc luded  i n  t he  b racke t s .  Equat ion 3,5-3 
may now be  d e f e r e n t i a t e d  w i th  r e s p e c t  t o  t h e  unknown f o r c e  c o e f f i c i e n t s  
and KI a s  i n d i c a t e d  i n  t h e  fo l lowing  equa t ions .  K~~ 
ae 
2 = 0 (3.5-6) 
a (KDL) 
-=
aev 
2 
0 (3.5-7) 
a (5) 
The s a t i s f i c a t i o n  of t he se  two equa t ions  w i l l  r e s u l t  i n  a s e t  of 
2
s imultaneous equa t ion  f o r  t h e  gene ra l i zed  f o r c e  c o e f f i c i e n t  K~ and KDL I 
2 2 
allK~~ + a12 K~ = bl 
This  se t  of equa t ions  may be so lved  t o  determine a  s e t  of gene ra l i zed  drag 
and i n e r t i a l  c o e f f i c i e n t s  which are con s i s t e n t  w i t h  t h e  assumed va lue  of KA 
- - - - - - - . -
t h a t  was used i n  Eq. 3.5-5 above. The c o e f f i c i e n t s  and cons t an t s  needed 
f o r  t h e  s o l u t i o n  of 3.5-8 a r e  defin.ed below. 
-- -
2 
With t he se  c o e f f i c i e n t s  t h e  d e s i r e d  v a l u e s  o f  K' and K may be found us ingDL I 
Eqs. 3,3-15 and 3.3-16. 
" -
Using t h e  modif ied approach v a l u e s  of K and K may be computedDL I 
f o r  corresponding v a l u e s  of K and t h e  s e t  of  f o r c e  c o e f f i c i e n t s  s e l e c t e dA - --. 
which minimizes t h e  mean squa re  e r r o r .  This  approach assumes t h a t  t h e  s e t  
of f o r c e  c o e f f i c i e n t s  which minimizes E q .  3.5-3 a l s o  minimizes 3.1-12. How-
eve r  t h i s  is  n o t  n e c e s s a r i l y  t r u e .  Th i s  can most e a s i l y  be s een  by d i r e c t l y  
comparing t h e  twomethods .  F i r s t n o t e  t h a t 5  t h e c r o s s s p e c t r um b e t w e e nf '2 
t h e o r e t i c a l  f o r c e  i n t e n s i t y  and s t r u c t u r a l  a c c e l e r a t i o n ,  i s  g iven  by 
-S f , %  - %,Si,+K S.... + K ....I n  Ax x  
I f  E q .  3.5-4 and 3.5-5 a r e  s u b s t i t u t e d  i n t o  E q .  3.5-3 w i th  f ' i i  from 
Eq. 3.5-14 s u b s t i t u t e d  f o r  t h e  exp re s s ion  f o r  e '  i s  i d e n t i c a l  t o  t h e£2 
exp re s s ion  f o r  e i n  Eq. 3.1-12 w i t h  Eq. 3.2-22 s u b s t i t u t e d  f o r  S f P f 9 '  The 
impor tan t  p o i n t  h e r e  i s  t h e  d i f f e r e n t i a t i o n  between and S t h e  c ro s sf%  f q K  
s p e c t r a  between s t r u c t u r a l  a c c e l e r a t i o n  and t h e  measured and t h e o r e t i c a l  
f o r c e  i n t e n s i t y  r eco rds .  Ev iden t ly  t h e  modif ied approach i n t r oduce s  an 
e r r o r  between and 5 i n  a d d i t i o n  t o  t h e  e r r o r  between 5 .# fit f !%  f ' f '  and S f f  
From the  three expe r imen ta l  records  a v a i l a b l e ,  3 c r o s s  s p e c t r a l  
d en s i t y  f unc t i on s  can be formed. These a r e  t h e  c r o s s  s p e c t r a l  d e n s i t y  of 
-
t he  measured f o r c e  i n t e n s i t y  and measured wa te r  s u r f a c e  e l e v a t i o n ,  S 
fr13 a 
c ros s  s p e c t r a l  d e n s i t y  between t h e  measured f o r c e  i n t e n s i t y  and t h e  measured 
s t r u c t u r a l  d i sp lacement ,  5 ;  and, t h e  c r o s s  s p e c t r a l  d en s i t y  between t hefx ' 
-
water s u r f a c e  e l e v a t i o n  and t h e  s t r u c t u r a l  d i sp lacement ,  S . I n  a dd i t i on  qx 
t o  t h e  two power s p e c t r a  f o r  measured f o r c e ,  iff and 3 t h e  power 
rlrl 
spectrum neces sa ry  f o r  t h e  dynamic s t r u c t u r a l  c a se  i s  t h e  power spectrum 
a s s o c i a t e d  w i th  t h e  s t r u c t u r a l  displacement  These a r e  t h e  b a s i c  
XX 
s p e c t r a  from which a l l  o t h e r  s p e c t r a  r e qu i r ed  i n  t h e  a n a l y s i s  may be 
'computed. For example, i n  o r d e r  t o  c a l c u l a t e  t h e  s p e c t r a  S f '  v f . ,  a ccord ing  
t o  Eq. 3.5-5, t h e  s p e c t r a  ? and S.... must be  computed. These two f x  XX 
spectrums may be computed from t h e  b a s i c  s p e c t r a  a s  fo l l ows .  
S.... = a4 S 
XX XX 
I n  o rde r  t o  compute t he  power spe .c t ra1  d en s i t y  f unc t i on  f o r  t h e  
r e l a t i v e  v e l o c i t y ,  G, begin  w i th  t h e  d e f i n i t i o n  of t he  a u t o c o r r e l a t i o n  
f unc t i on s  f o r  t h e  r e l a t i v e  v e l o c i t y ,  R;; which i s  given a s  fo l lows .  
Re .  = ~ [ (C t [ t ] -A [ t ] )  (G [ ~+T ]  - k[ t+T] ) ]  (3.5-17)
w 
This  e qua t i on  may be expanded and i n t e r p r e t e d  a s  fo l lows .  
R . . = R . . - R e * - R .  + R k k  (3.5-18)
w uu W XG 
hence t h e  power s p e c t r a l  d en s i t y  f o r  t he  r e l a t i v e  v e l o c i t y  i s  g iven  a s  
t h e  power s p e c t r a l  d en s i t y  f o r  t h e  h o r i z o n t a l  p a r t i c l e  v e l o c i t y ,  3 . .  i s  
UU 

given above i n  Eq .  3.3-19. The remaining spectrum needed t o  e v a l u a t e  t h e  
r i g h t  hand s i d e  of E q .  3.5-19 a r e  given a s  fo l lows .  
.. 
-.d 2 -S. .  = a  S 
XX XX 

Accordingly,  t h e  c r o s s  s p e c t r a l  d e n s i t y  f o r  r e l a t i v e  v e l o c i t y  i s  g iven  a s  
fo l l ows . 
s . .  = r..S - 202 ~ e [ s _] + o 2 -s~ ;  ( 3 . 5 - 2 3 )
VV IJu rlrl a u  
i n  a s im i l a r  manner t h e  fo l l owing  exp re s s ion  may be de r ived  f o r  t h e  c r o s s  
s p e c t r a l  d en s i t y  of t h e  r e l a t i v e  a c c e l e r a t i o n ,  
This  ends t h e  d e r i v a t i o n  of t h e  s p e c t r a l  methods of  a n a l y s i s ,  Be-
cause of t h e  unc e r t a i n t y  of t h e  a b i l i t y  of t h e  method t o  ana lyze  d a t a  from 
-*-
.- -* 
a dynamic s t r u c t u r e  i t  was n o t  used t o  analyzed d a t a  in t h i s  r e p o r t .  The 
method i s  a b l e  t o  ana lyze  d a t a  from a s t a t i c  s t r u c t u r e  b u t  needs t o  be 
f u r t h e r  researched  b e f o r e  i t  can be  used on d a t a  from a dynamic s t r u c t u r e .  
CHAP'TER 4 
TIME-AVERAGED FORCE COEFFICIENTS 
4 . 1  INTRODUCTION 
According t o  t h e  d i s c u s s i o n  i n  Chap te r  2 ,  t h e  t h e o r e t i c a l  f o r c e  
i n t e n s i t y ,  f v , may b e  w r i t t e n  a s  f o l l ows .  
The g e n e r a l i z e d  f o r c e  c o e f f i c i e n t s  are !CD, KI and K The r e l a t i v e  A *  
h o r i z o n t a l  p a r t i c l e  v e l o c i t i e s  and a c c e l e r a t i o n s  a r e  and V r e s p e c t i v e l y ,  
and Z i s  t h e  h o r i z o n t a l  s t r u c t u r a l  a c c e l e r a t i o n .  Suppose t h a t  t h e  measured 
f o r c e  i n t e n s i t y ,  f , and t h e  h o r i z o n t a l  r e l a t i v e  v e l o c i t y ,  G, and a c c e l e r a t i o n ,  
V and 2, a r e  known f o r  a  d u r a t i o n  of  t i m e  s .  Then t h e  g e n e r a l i z e d  f o r c e  
c o e f f i c i e n t s  may b e  s e l e c t e d  such  t h a t  t h e  mean s qu a r e  v a l u e  of t h e  
d i f f e r e n c e  be tween t h e  t h e o r e t i c a l  and measured f o r c e  i n t e n s i t i e s  i s  a 
minimum. Le t  t h e  d i f f e r e n c e  between t h e  f o r c e  i n t e n s i t i e s  be  e ,  i . e . ,  
2 
e = f - f v .  Then t h e  mean squa r e  v a l u e  of  t h e  d i f f e r e n c e ,  <e >,  i s  a s  
f o l l ow s .  
2A n e c e s s a r y  c ond i t i o n  f o r  <e t o  be  a  minimum i s  t h a t  t h e  f i r s t  d e r i v a t i v e s  
o f  t h e  mean s qu a r e  d i f f e r e n c e  w i t h  r e s p e c t  t o  t h e  g e n e r a l i z e d  c o e f f i c i e n t s  
v a n i s h .  Accord ing ly ,  t h e  f o l l ow ing  e qu a t i o n s  must b e  s a t i s f i e d .  
The s a t i s f a c t i o n  of t h e s e  e qu a t i o n s  r e s u l t  i n  t h e  f o l l ow i ng  s e t  
of s imu l t aneous  e qu a t i o n s  from which t h e  g e n e r a l i z e d  f o r c e  c o e f f i c i e n t s  
may be  de te rmined .  
Here t h e  q u a n t i t y  e n c l o s e d  t h u s ,  c e> i s  t h e  t ime averaged  v a l u e ,  i,e . , 
> ;1f S I 2  y 04d t ,  
s - 4 2  
I n  t h e  f o l l ow i ng  pa r ag r aphs  e xp r e s s i o n s  a r e  p r e s e n t e d  f o r  
computing the  var ious  terms in Eq ,  6 , 1 - 4  a ~ d+he method of , co lu t i on  azd 
e v a l u a t i o n  i s  d i s c u s s e d .  L i n e a r i z e d  forms o f  t h e  c o e f f i c i e n t s  are a l s o  
d i s c u s s e d .  
I n  a d d i t i o n  t o  t h e  g e n e r a l i z e d  c o e f f i c i e n t s ,  e q u i v a l e n t  forms 
of  t h e  Reynolds ,  NR, and Kuelegan-Carpenter ,  NK, are needed.  These a r e  
de f i n ed  a s  fo l lows .  
where v i s  t h e  v i s c o s i t y .  
4.2  ICIiJEMATICAL QUANTITIES I N  IRREGULAR WAVES 
The v a r i ou s  t ime-averaged k inema t i ca l  q u a n t i t i e s  used i n  Eq. 
4.1-4 must be computed from t h e  measurements o f  f o r c e  i n t e n s i t y ,  wa t e r  
s u r f a c e  e l e v a t i o n ,  and from t h e  displacement  of t h e  t e s t  rod. Expressions 
f o r  t h e s e  q u a n t i t i e s  i n  i r r e g u l a r  waves a r e  d i s cus sed  h e r e i n .  These 
q u a n t i t i e s  i nvo lve  t h e  d i f f e r en c e s  between t h e  h o r i z o n t a l  wa t e r  p a r t i c l e  
motion and t h e  motion of t h e  s o l i d  s t r u c t u r e ,  i . e . ,  ;= h-k, The 
s t r u c t u r a l  v e l o c i t y  and a c c e l e r a t i o n  as func t i ons  of t ime a r e  computed 
by numer ica l  d i f f e r e n t i a t i o n  of t h e  s t r u c t u r a l  displacement  r eco rd .  The 
h o r i z o n t a l  wate r  displacement ,  v e l o c i t y ,  and a c c e l e r a t i o n  (u ,  6, and ii 
r e s p e c t i v e l y )  a s  f unc t i on s  of t ime  a r e  computed from t h e  measurement of  
wa t e r  s u r f a c e  e l e v a t i o n  d a t a  w i th  the assumption t h a t  l i n e a r  wave theory  
is v a l i d ,  L L L U ~ ,if N i s  t he  Four i e r  tra-~sfox-li-Iof t h e  water surface  
e l e v a t i o n  q ,  
exp [-io t ]  d t  
where o i s  t h e  c i r c u l a r  frequency and t i s  t ime,  then  t h e  k i n ema t i c a l  
q u a n t i t i e s  i n  t h e  wa te r  column a t  t h e  po i n t  where t h e  wate r  s u r f a c e  
e l e v a t i o n  i s  measured a r e  g iven  t h e  i n v e r s e  t rans forms  a s  fo l l ows .  
cosh [kz] 
= 3 c"s inh[kd]  exp [ i a t ]  da 
& = 3I ' NacOsh 
27T s i n h  kd exp [-jat]da 
-m 
The dep th  of wa t e r  is  d and t h e  v e r t i c a l  coo rd ina t e  of t h e  p o i n t  i n  
que s t i on  i s  z .  The wave number k i s  determined by t h e  fo l l owing  
r e l a t i o n s h i p .  
a 2  = gk t anh  [kd] ( 4 . 2 - 5 )  
I n  p r a c t i c a l  computation t h e  i n f i n i t e  l i m i t s  of i n t e g r a t i o n  i n  t h e  above 
equa t i ons  a r e  r ep l aced  w i th  f i n i t e  ones c o n s i s t e n t  w i t h  t h e  du r a t i on  of 
d a t a  r eco rds  used.  The i n v e r s e  t rans forms  a r e  computed numer i ca l l y  u s ing  
a s t a nda r d  F a s t  Fou r i e r  Transform a l go r i t hmo  
4 . 3  KINEMATICAL QUANTITIES I N  PERIODIC WAVES 
When p e r i o d i c  waves a r e  used i n  t h e  exper iments  t h e  g ene r a l i z ed  
f o r c e  c o e f f i c i e n t s  are determined from t h e  s imul taneous  equa t i ons  
given i n  Eq. 4.1-4 .  Since  t he  waves a r e  p e r i o d i c ,  t h e  wa t e r  k i n ema t i c a l  
q u a n t i t i e s  can be  computed from e i t h e r  l i n e a r  wave theory  o r  one of t h e  
non - l i nea r  t h e o r i e s .  This s e c t i o n  d e s c r i b e s  t h e  method used  t o  compute 
wa te r  p a r t i c l e  k i n ema t i c a l  q u a n t i t i e s  f o r  p e r i o d i c  waves u s ing  l i n e a r  
wave t heo ry .  . 
According t o  l i n e a r  wave theory  on ly  t h r e e  q u a n t i t i e s  a r e  needed 
t o  d e f i n e  a harmonic wave--water dep th ,  wave h e i g h t ,  and wave p e r i od  
o r  wave l eng th .  However, waves gene ra t ed  i n  t h e  l a bo r a t o r y  are no t  
t r u l y  p e r i o d i c  f o r  a  v a r i e t y  of  reasons .  The wave gene ra t i on  mechanism 
may be s l i g h t l y  non-per iod ic ,  i n i t i a l  t r a n s i e n t s  i n  t he  gene ra t ed  wave may 
n o t  b e  damped completely ,  wave abso rbe r s  a r e  impe r f ec t ,  e t c .  Accordingly,  
i t  i s  d e s i r a b l e  t o  i n c l ude  s e v e r a l  "per iodsq '  i n  t h e  l e ng t h  of t ime used 
i n  t h e  a n a l y s i s  of wa t e r  s u r f a c e  e l e v a t i o n  r eco rds .  Suppose t h i s  t i m e  
i n t e r v a l  i s  T and i n c l ude s  e x a c t l y  M i n d i v i d u a l  wave cyc l e s .  Then t h e  
0 
-
average  wave p e r i od ,  T, i s  T = T /M. Let t h e  c i r c u l a r  f requency a s s o c i a t e d  
0 
wi th  To be oo = 2n/To. Then t he  wa t e r  s u r f a c e  e l e v a t i o n  i n  t h e  i n t e r v a l  
T may be expressed  a s  a Fou r i e r  s e r i e s ,  v i z  
0 
rl = an exp [ ino  t]
0n=-w 
and i = Then t h e  h o r i z o n t a l  p a r t i c l e  displacement  i s  
where 
- i a  cosh [knz] 
A = n 
u3n  s i nh  [knd] 
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4 . 5  SOLUTION FOR FORCE COEFFICIENTS 
Both Eq. 4 .1 - l  o r  Eq .  4.4-3 may be  so lved  by s t a n d a r d  m a t r i x  
t e chn iques  such a s  m a t r i x  i n v e r s i o n  o r  Gausian t r i a n g u l a r i z a t i o n .  
There a r e  however some cases  when t he  above techniques  may n o t  be 
. 	 a p p l i c a b l e ,  s p e c i f i c a l l y  when an element on t h e  d i agona l  of  t h e  m a t r i x  
of c o e f f i c i e n t s  i s  s m a l l  r e l a t i v e  t o  t h e  o t h e r  e lements  o f  t h e  ma t r i x .  
This  may happen when s t r u c t u r a l  displacements  a r e  s m a l l  r e l a t i v e  t o  
wave p a r t i c l e  displacements  such zs i n  t h e  t r a u s i t i o n  between s t a t i c  
and dynamic behavior .  I n  t h i s  c a se  t h e  term <x2> may be q u i t e  s m a l l .  
Another c a s e  where t h i s  can 'happen i s  when a  wave w i t h  a  f requency 
c l o s e  t o  t h e  n a t u r a l  f requency of t h e  s t r u c t u r e  causes  t h e  s t r u c t u r a l  
d i sp lacements  t o  be i n  phase w i t h  t h e  w a t e r  p a r t i c l e  d i sp lacements .  I n  
t h i s  case  t h e  r e l a t i v e  v e l o c i t y  and a c c e l e r a t i o n  terms may be q u i t e  
O 4
small. E s p e c i a l l y  t h e  <v > term i n  t h e  n o n l i n e a r  f o r c e  model- 
Four time s e r i e s  a r e  neces sa ry  f o r  t h e  computation o f  t h e  f o r c e  
' c o e f f i c i e n t s .  These a r e  6, V, x, and f ,  t he  r e l a t i v e  v e l o c i t y  v ;  
r e l a t i v e  a c c e l e r a t i o n ,  V; s t r u c t u r a l  a c c e l e r a t i o n ,  x ;  and f l u i d  i n t e r -  
a c t i o n  f o r c e ,  f ,  a l l  a t  some coo rd ina t e  z i n  t h e  wa te r  column. ;and V 
a a II 	 9 
a r e  computed from v  = u - x ,  and V = ii - 2 r e s p e c t i v e l y .  u and ii t h e  
wave p r o f i l e  r eco rd  us ing  Eq .  4.2-3 and 4.2-4. The time averaged terms 
i n  	E q .  4 .1-1 and 4.4-3 may be computed from 
where f and f  a r e  any two func t i ons  of  which t h e  t ime average i s  t o  be  1 2 
t aken ,  s i s  t he  t ime of  du ra t i on .  Having computed a l l  terms i n  E q .  4.1-4 
o r  4.4-3 t h e  corresponding f o r c e  c o e f f i c i e n t s  may be so lved  f o r .  
CHAPTER 5 
EXPERIMENTAL APPARATUS 
5 . 1  INTRODUCTION 
The e xp e r imen t a l  f a c i l i t i e s  u s ed  i n  t h e  i n v e s t i g a t i o n  were 
housed i n  t h e  Hydrosystems Labo r a t o r y  o f  t h e  C i v i l  Eng inee r i ng  Depar tment .  
Appara tus  u s ed  i n c l u d e  a  wave t a n k  w i t h  wave g e n e r a t i n g  assembly ,  wave 
p r o f i l e  measur ing  p r ob e s ,  d a t a  r e c o r d i n g  sy s t em  and a r i g i d  c i r c u l a r  t e s t  
specimen.  Th i s  c h a p t e r  w i l l  d e s c r i b e  i n  d e t a i l  t h e  above a p p a r a t u s .  
-
5.2 GENERAL LAYOUT 
The e xp e r imen t a l  a r rangement  i s  shown s c h ema t i c a l l y  i n  F i g .  5.1-1. 
The wave t a n k  u sed  i n  t h e  i n v e s t i g a t i o n  i s  6 f t .  wide  and 4 f t .  deep.  The 
l e n g t h  o f  t h e  channe l  from t h e  wave g e n e r a t o r  t o  t h e  end of t h e  channe l  i s  
130 f t ,  I t  i s  c o n s t r u c t e d  o f  a s t e e l  f l o o r  and p l e x i g l a s s  s i d ew a l l s  th rough  
which wave phenomena can b e  obse rved .  Waves a r e  g e n e r a t e d  by a p i s t o n  t y p e  
wave g e n e r a t o r .  The g e n e r a t o r  c o n s i s t s  o f  a f l a t ,  v e r t i c a l  s t e e l  p l a t e  
equ ipped  w i t h  wooden "wipers" t o  p r e v e n t  l e akage  a round  t h e  p l a t e .  The 
wave g e n e r a t o r  i s  d r i v e n  by a h y d r a u l i c  ram t h a t  is  capab l e  of p roduc ing  
e i t h e r  p e r i o d i c  o r  random mot ion of  t h e  p l a t e .  The wave g en e r a t i n g  
mechanism i s  capab l e  of  a  maximum s t r o k e  ( h a l f  t h e  t o t a l  d i s t a n c e  t r a v e l e d  
by t h e  p l a t e )  of 12  i n .  Th i s  t ype  o f  g e n e r a t i n g  mechanism w i l l  p roduce  
wa t e r  p a r t i c l e  mot ions  t h a t  are w e l l  s u i t e d  f o r  p roduc ing  s h a l l ow  wa t e r  
waves. At  deep wa t e r  f r e q u e n c i e s  t h e  r e q u i r e d  o r b i t a l  mot ion w i l l  b e  
produced a t  a s h o r t  d i s t a n c e  from t h e  g e n e r a t o r .  
At t h e  downstream end of  t h e  wave c h anne l  i s  a s l o p i n g  beach  type  
wave a b s o r b e r  a s  shown i n  F i g .  5.1-1.  It i s  20 f t  . long  w i t h  a  s l o p e  of 
1 : 5 .  The beach i s  c o n s t r u c t e d  o f  a s t ee l  f rame w i t h  r ubbe r  h a i r  l a y e r s  
a s  t h e  ab so rb ing  m a t e r i a l .  
The t e s t  specimen i s  l o c a t e d  62 f t .  downstream from t h e  wave 
g ene r a t o r ,  3  f t ,  from each s i d ewa l l ,  A t  t h i s  d i s t a n c e  t h e  deep wa t e r  
waves produced a r e  q u i t e  s a t i s f a c t o r y .  The t e s t  specimen was l o c a t e d  
f t .  downstream from t h e  wave abso rbe r  a l lowing  a  s u f f i c i e n t  amount of  
t ime b e f o r e  waves r e f l e c t e d  from t h e  wave absorber  reached t h e  test 
specimen du r ing  a t e s t  run.  Located a t  t he  same d i s t a n c e  from t h e  
g ene r a t o r  a s  t h e  t e s t  specimen a r e  two p a r a l l e l  w i r e  r e s i s t a n c e  t ype  wave 
gages .  These were l o c a t ed  a s  shown i n  F ig .  5 ; l  a t  a d i s t a n c e  of  1 .2  f t .  
from t h e  t e s t  specimen. 
5  - 3  WAVE PROBES 
Wave p r o f i l e s  i n  t he  p l ane  of t h e  t e s t  specimen were measured by 
p a r a l l e l  w i r e  r e s i s t a n c e  type wi re  gages a s  shown i n  F ig .  5 .3-1 and a r e  
s i m i l a r  t o  t ho s e  de sc r ibed  by Weggel (12) .  The gages have an aluminum and 
p l e x i g l a s s  suppor t  wi th  two 0.008 i n .  d iameter  p la t inum wires spaced 0.25 
i n .  a p a r t .  They a r e  suppor ted  by "Lory" type  p o i n t  gages f o r  ease. of 
c a l i b r a t i o n .  A schemat ic  diagram of t h e  e l e c t r i c a l  c i r c u i t r y  i s  p r e s en t ed  
i n  F i g ,  5.3-1. A two channel  Sanborn Recorder was used t o  p rov ide  e x c i t a -  
t i o n  t o  a  Wheatstone-Bridge c i r c u i t  on each gage. The amount of c u r r e n t  
p a s s i ng  between the  two wires i s  approximately a l i n e a r  f unc t i on  of t h e  
immersed , l e ng t h  of t he  w i r e s .  
The l e ng t h  of t h e  wave probes  was chosen t o  be 4 f t .  Th i s  was 
done t o  avoid t h e  n o n l i n e a r i t y  t h a t  i s  p r e s e n t  i n  such  gages n e a r  t h e  end 
of t h e  p a r a l l e l  wires .  Using t h i s  l e n g t h  s f  gage a l l  p r o f i l e  measurements 
f e l l  w i t h i n  t h e  l i n e a r  range of t he  wave probes .  A t y p i c a l  c a l i b r a t i o n  
curve  i s  shown i n  F ig ,  5.3-2, 
Because of t he  l eng th  of t h e  gages and t h e  f l e x i b i l i t y  of  t h e  
l o r y  p o i n t  gage connect ion,  a d d i t i o n a l  connect ions  w i th  t h e  s i d ewa l l  had 
. ,
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t o  be made, t o  keep t h e  prob,es s t a b l e  under t h e  i n f l u enc e  of p a s s i ng  waves. 
To provide  t h i s  s t a b i l i t y  two t r a c k s  were prov ided ,  one a t  t h e  top  of  t h e  
wave tank  s i d ewa l l  and ano the r  a t  t h e  bottom, These t r a c k s  were des igned  
i n  such a way a s  t o  a l low t h e  wave probes  t o  move v e r t i c a l l y  du r i ng  
c a l i b r a t i o n  b u t  p r even t  h o r i z o n t a l  movements du r ing  t h e  passage  of waves. 
SPECIMEN DES GRIPTION 
The t e s t  specimen i s  shown i n  F ig .  5.4-1. It i s  con s t r u c t ed  of 
s t a i n l e s s  s t e e l  p i p e  and b r a s s  and p l e x i g l a s s  f o r c e  dynamometers. The 
t o t a l  weight of t h e  specimen i s  18,95 l b ,  and i t s  l e ng t h  i s  48.6875 i n .  
The c en t e r  of  g r a v i t y  i s  22 . 75  i n .  from t h e  bottom of t h e  specimen. The 
moment of i n e r t i a  i n  a i r  about  an a x i s  through t h e  bottom of t h e  specimen 
2i s  36.39 lb -sec  - i n .  The t e s t  specimen i s  connected t o  t h e  f l o o r  of t h e  
channe l  by a  b a l l  j o i n t  designed t o  g ive  no r e s t r a i n t  t o  r o t a t i o n  a t  t h a t  
p o i n t .  s u p po r t  a t  t h e  top  of t h e  specimen i s  provided by a c a n t i l e v e r e d  
beam wi th  a r e c t a ngu l a r  c r o s s  s e c t i o n ,  The f l e x i b i l i t y  of t h e  beam may be 
a d j u s t e d  i n  each  d i r e c t i o n  by va ry ing  t h e  dimensions of t h e  c r o s s  s e c t i o n  
and t he  l e ng t h  t o  g ive  t h e  t e s t  specimen dynamic p r o p e r t i e s  of i n t e r e s t .  
The s t a i n l e s s  s t e e l  p i p e  used t o  c o n s t r u c t  t h e  test specimen i s  
sesmless ,  e x t r a  heavy, s t a i n l e s s  s t e e l  p i p e ,  type  304, schedule  80. I t  
has  an o u t s i d e  d iameter  of 1 . 9  i n .  and an i n s i d e  d iameter  of 1 . 5  i n .  The 
u n i t  weight i s  3 .631  l b s / f t .  The p i p e  i s  connected t o  t h e  f o r c e  
dynamometers by u s ing  a s  snug a f i t  a s  p o s s i b l e  a t  t h e  pipe-dynamometer 
connect ion.  S e t  screws a r e  used t o  f u r t h e r  s e cu r e  t h e  connec t ion ,  
The f o r c e  dynamometers a r e  equipped w i t h  a p l e x i g l a s s  r i n g  
a t t a ched  t o  a sma l l  c a n t i l e v e r  beam. The beam i s  equipped w i th  s t r a i n  
gages such  t h a t  t h e  s t r a i n  i n  t h e  beam may be  measured i n  t h e  i n l i n e  and 
c ro s s  channel  d i r e c t i o n s  s imul taneous ly .  Thus by c a l i b r a t i n g  a pp l i e d  
f o r c e  on t h e  r i n g  w i t h  t h e  ou tpu t  s i g n a l  from t h e  s t r a i n  gages t h e  f o r c e s  
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a c t i n g  on t h e  r i n g  by wave f o r c e s  may be measured. For f u r t h e r  d e t a i l  
see Appendix A.  
The " f r i c t i o n l e s s "  p i n  suppor t  a t  t h e  bottom of t h e  t es t  spec i -
men i s  comprised of a t e f l o n  b a l l  i n  a s t a i n l e s s  s t e e l  s o cke t ,  I t  w a s  
des igned  such  t h a t  t h e  appa ra tu s  would a c t  a s  a p i n  suppor t .  The b a l l  
j o i n t  i s  f i x e d  t o  t he  channel  f l o o r  by screwing i t  i n t o  a  p i p e  f i t t i n g  
which i s  s ecu red  by epoxy g lue .  A 3/16 i n .  th readed  rod  i s  f i x e d  t o  t h e  
t e f l o n  b a l l .  This  rod screws i n t o  a b r a s s  p lug  which f i t s  snug ly  i n t o  
t h e  p i p e  a t  t h e  bottom of  t h e  test  specimen. It i s  h e l d  s e cu r e  by se t  
screws.  It  should  be no t ed  t h a t  t h e  t e s t  specimen h a s  a smooth s u r f a c e  
w i t h  t h e  except ion  of set screw ho l e s .  W a x  i s  dr ipped  over  the  ho l e s  t o  
smooth o u t  t h e  s u r f a c e  of t h e  c y l i nde r  and a l s o  t o  keep wa te r  from 
seep ing  i n s i d e  t h e  specimen. 
Two types  of c an t i l e v e r ed  beams were used t o  suppor t  t h e  top  
of  t he  test  specimen. One was t o  p rov ide  s t a t i c  r e s i s t a n c e  of t h e  
specimen t o  wave f o r c e s .  The o t h e r  was t o  a l l ow  dynamic behavior  of  t h e  
specimen t o  t a k e  p l ace .  Both beams were bo l t e d  t o  a s t e e l  frame which 
was i n  turn a t t a ched  t o  a beam spanning t h e  wave tank.  The top  of t h e  
t e s t  specimen was f i t t e d  w i th  a t e f l o n  p lug  w i t h  a  h o l e  f o r  t h e  suppor t  
beam i n  t h e  middle of  i t .  The end of t h e  suppor t  beam r e s t e d  i n s i d e  
t h i s  ho l e .  This  type of connect ion i s  designed t o  behave as a p i n  
s uppo r t  and minimize t e n s i l e  s t r e s s e s  i n  t h e  suppor t  beam. The beams 
were equipped w i th  e l e c t r i c a l  s t r a i n  gages (number C6-1x1-M50, l o t  
number A26-FAE2) w i th  gage f a c t o r  2.00 + 1%and r e s i s t a n c e  120 + 0.5 ohms. 
These were p l aced  s o  t h a t  s t r a i n  i n  two or thogona l  d i r e c t i o n s  ( i n l i n e  and 
c r o s s  channel)  could be measured. Equipped i n  t h i s  manner approximately 
l i n e a r  f o r c e  . ve r sus  s t r a i n  c a l i b r a t i o n s  were ob ta ined .  
The s t a t i c  s u p p o r t  beam is  made o f  alumimum. I t  measures  1 i n .  
by 1 i n .  and is  1 2  i n .  long .  It i s  c a l i b r a t e d  s o  t h a t  f o r c e  a s  a f u n c t i o n  
o f  t h e  s t r a i n  gage o u t p u t  can be measured i n  two o r t h o g o n a l  d i r e c t i o n s .  
The dynamic s u p p o r t  beam i s  made of alumimurn. I t  i s  1 / 4  i n .  x 
1 / 4  i n .  and 2 1  i n ,  l ong .  These measurements r e s u l t e d  i n  a beam w i t h  a 
s t i f f n e s s  o f  1 .06  pounds p e r  i n c h .  The n a t u r a l  f r equency  o f  t h e  tes t  
specimen f o r  a  mode r o t a t i n g  abou t  t h e  b a l l  j o i n t  s u ppo r t  was approx imate ly  
1 cp s .  Th i s  f r equency  was chosen s o  t h a t  a r e l e v a n t  amount of ene rgy  
would be  p r e s e n t  i n  wave f r e qu en c i e s  c l o s e  t o  t h a t  of  t h e  n a t u r a l  p e r i o d  
of  t h e  tes t  specimen du r i n g  t h e  i n v e s t i g a t i o n .  The s uppo r t  beam was 
c a l i b r a t e d  s o  t h a t  b o t h  t h e  d i sp l a cemen t  and t h e  f o r c e  a p p l i e d  t o  t h e  
s u p p o r t  end o f  t h e  beam cou ld  be  measured i n  t e rms  o f  s t r a i n  gage o u t pu t  
i n  two o r t h ogona l  d i r e c t i o n s .  
5 , 5  RECORDING SYSTEM 
Data  f rom t h e  s uppo r t  beam, f o r c e  dynamometers and wave p robe s  
were r e co rded  on magne t i c  t a p e .  A  Sangamo SABE 111 model 1 4  channe l  
t a p e  r e c o r d e r  was u s ed  t o  r e c o r d  t h e  d a t a .  The f o l l ow i ng  d a t a  was 
r e co rded  on t a p e .  The e l e c t r i c a l  s i g n a l s  from 2  f o r c e  dynamometers e ach  
p roduc ing  2 s e p a r a t e  s i g n a l s ,  one  i n l i n e  s i g n a l  and one c r o s s  channe l  
s i g n a l .  The t o t a l  number of  e l e c t r i c a l  s i g n a l s  from f o r c e  dynamometers 
t o  be  r e co rded  i s  s i x .  The s uppo r t  beam p r ov i d e s  two e l e c t r i c a l  s i g n a l s ,  
one i n  e ach  o f  two o r t h ogona l  d i r e c t i o n s .  F i n a l l y  t h e r e  a r e  2 wave p robe  
s i g n a l s .  The t o t a l  number o f  t a p e  channe l s  r e q u i r e d  i s  t h u s  8.  I n  
a d d i t i o n  one channe l  i s  used  t o  r e c o r d  v o i c e  d a t a  used  i n  d e s c r i b i n g  
t e s t  c o n d i t i o n s  and i d e n t i f y i n g  d a t a  on t a p e .  Completed ana log  t a p e s  
a r e  d i g i t i z e d  and t h e  d a t a  s t o r e d  on magne t i c  computer t a p e s .  The d a t a  
is  t h en  ana lyzed  w i t h  t h e  u s e  of  t h e  IBM 360 / 7 5  and  CDC CYBER 175. For 
f u r t h e r  d e t a i l s  o f  t h e  r e c o r d i ng  sys tem see Appendix B. 
5.6 TEST DESCRIPTION AND DISCUSSION 

With t h e  dynamic suppor t  bean i n  p l a c e  and t h e  wave tank dry 
a l l  f o r c e  dynamometers and t h e  suppor t  beam w e r e  c a l i b r a t e d  and t h e  d a t a  
recorded  on t ape .  The wave tank was then  f i l l e d  and t h e  wave probes 
c a l i b r a t e d .  The c a l i b r a t i o n  of t h e  suppor t  beam was then  checked wi th  
t he  specimen i n  water .  When a l l  c a l i b r a t i o n s  were completed a s e r i e s  of 
p e r i o d i c  waves wi th  d i f f e r i n g  wave h e i g h t  and frequency were run  i n  t h e  . 
wave tank and the  ou tpu t  from t he  v a r i o u s  specimen in s t rumen ta t i on  
recorded .  The same was done f o r  a s e r i e s  of i r r e g u l a r  waves w i t h  in -  
c r e a s i n g  mean wave h e i g h t .  When t h e  dynamic system t e s t s  were completed, 
t h e  dynamic suppor t  beam was rep laced  wi th  t h e  s t a t i c  suppor t  beam and 
t h e  whole s e r i e s  of tests repea ted .  
- - -  - 
- - 
CITAPTER 6 
RESULTS AND DISCUSSION 
Q,1 INTRODUCTION 
Th i s  s e c t i o n  w i l l  p r e s e n t  t h e  r e s u l t s  of exper iments  conducted 
du r ing  t h e  course  of  t h i s  i n v e s t i g a t i o n .  These r e s u l t s  i n c l ude  f o r c e s ,  
wave p r o f i l e s ,  and specimen displacement  measurements. Force c o e f f i c i e n t s  
a r e  determined u s ing  t h e  methods de sc r ibed  i n  Chapters  3 and 4 and a r e  
p r e sen t ed  i n  Chapter  7 .  The d a t a  were measured u s ing  t h e  expe r imen ta l  
aparatui de sc r ibed  i n  Chapter 5 .  
There a r e  f ou r  d i f f e r e n t  d a t a  ca se s  t o  be examined. These a r e  
brought  about  by p e r t u r b a t i o n s  of t h e  fo l lowing  two sets  of exper imenta l  
cond i t i ons .  The wave p r o f i l e s  were e i t h e r  p e r i o d i c  o r  p rog re s s ive .  Two 
sets of specimen suppor t s  were used,  one, making t h e  specimen e s s e n t i a l l y  
s t a t i c  w i t h  r e s p e c t  t o  t h e  e x c i t a t i o n  f r equenc i e s  observed du r ing  t he  
course  of  t h e  i n v e s t i g a t i o n ,  The o t h e r  suppo r t  system allowed dynamic 
response of  t h e  t e s t  specimen i n  t h e  range of wave f r equenc i e s  encounter-
e d ,  Therefore  the data  cases  t o  be examined a r e  a s  fo l lows;  s t a t i c  
s t r u c t u r e - p e r i od i c  waves, s t a t i c  s t r u c t u r e - i r r e g u l a r  waves, dynamic 
s t r u c t u r e - p e r i od i c  waves, dynamic s t r u c t u r e - i r r e g u l a r  waves. 
Data  from p e r i o d i c  wave tests on a s t a t i c  s t r u c t u r e  a r e  p r e sen t ed  
i n  t h i s  s e c t i o n .  Data  p e r t a i n i n g  t o  t h e  s t a t i c  s t r u c t u r e - p e r i od i c  wave 
tests i s  p re sen t ed  i n  Tables  6.2-1 and 6 .2 -2 .  Table  6.2-1 con t a in s  t h e  
Fou r i e r  c o e f f i c i e n t s  of t h e  measured t i m e  s e r i e s  d a t a ,  The t ime s e r i e s  
d a t a  c on s i s t e d  of wate r  s u r f a c e  e l e v a t i o n  measurements, f o r c e  measurements, 
and r e a c t i o n  f o r c e  measurements from t h e  top of t h e  t e s t  specimen. Fou r i e r  
c o e f f i c i e n t s  a r e  computed by break ing  t h e  wa te r  s u r f a c e  e l e v a t i o n  time 
series i n t o  s i n g l e  waves and computing t h e  c o e f f i c i e n t s  f o r  t h e  wa te r  
s u r f a c e  e l e v a t i o n  and corresponding d a t a  i n  t h e  f o r c e  and top r e a c t i o n  

t ime s e r i e s  f o r  each wave. The F o u r i e r  c o e f f i c i e n t s  from each wave a r e  

summed and averaged over  t h e  whole wave t r a i n  r e s u l t i n g  i n  an averaged 

F o u r i e r  r e p r e s e n t a t i o n  of t h e  measured da t a .  Approximately 10-15 wave 

c y c l e s  were used i n  computing, t h e  averaged c o e f f i c i e n t s  f o r  each  r u n ,  

The f i r s t  column i n  Table  6 .2-1 g i v e s  t h e  t e s t  number a p p l i e d  t o  
t h e  t e s t  run from which t h e  corresponding d a t a  was produced. The n e x t  two 
columns g i v e  t h e  va lues  of d / g ~ 2  and H / ~ T ~ .It  should  be no t ed  h e r e  t h a t  
t h e  f requency  of a  p a r t i c u l a r  wave may be computed by u s ing  t h e  v a l u e  of 
2d/gT i n  t h e  t a b l e  and t h e  va lues  of d ( s t i l l  wa t e r  dep th)  and g  ( acce l e r a -  
t i o n  of  g r a v i t y )  i n  e f f e c t  dur ing  t h e  t e s t  run .  These va lues  a r e  3.01 f t .  
and 32.2 f t / s e c2 r e s p e c t i v e l y .  Column 4 prov ides  an index  t o  t h e  F o u r i e r  
c o e f f i c i e n t s  i n  columns 5-11. The r e p r e s e n t a t i o n  of  a  F o u r i e r  s e r i e s  i s  
a s  fo l l ows ,  
where h i s  a func t i on  r ep re sen t ed  by a F o u r i e r  series. The k ' s  and B ' s ,
n n 
t h e  c o s i n e  and s i n e  c o e ' f f i c i e n t s  r e s p e c t i v e l y ,  a r e  p r e sen t ed  i n  rows a c r o s s  
t h e  t a b l e  and column 4 of Table 6-2-1 de s igna t e s  t h e  c o e f f i c i e n t  t h a t  i s  
presented i n  any p a r t i c u l a r  row. The v a l u e  of o f o r  a l l  t e s t  runs  i s  g iven  
by ~ T / T ,where T  i s  t h e  fundamental  f requency of t h e  wave. 
Columns 5 and 6 g ive  t h e  F o u r i e r  c o e f f i c i e n t s  of t h e  i n l i n e  and 
t r a n s v e r s e  r e a c t i o n  f o r c e s .  These a r e  t h e  f o r c e s  on a suppor t  a t  t h e  
t op  of t h e  tes t  specimen. Refer  t o  Chapte r  5 f o r  a more d e t a i l e d  
e x p l a n a t i o n  of t h e  exper imenta l  appa ra tu s .  The va lue  of z /d ,  t h e  r a t i o  
of v e r t i c a l  coo rd ina t e  t o  wate r  dep th ,  i s  1 .38  a t  t h e  top of t h e  specimen. 
Column 7 con t a in s  t h e  F o u r i e r  c o e f f i c i e n t s  f o r  t h e  i n l i n e  f o r c e  measured 
a t  z /d ,  r a t i o  of v e r t i c a l  coo rd ina t e  t o  wa te r  dep th ,  equa ls  0.75. This  is  
-- 
- - 
- - 
t h e  measured f o r c e  r e s u l t i n g  from wave a c t i o n  a t  t h a t  p o i n t  on t h e  specimen. 
The n e x t  two columns, 8 and 3, g i v e  t h e  Fou r i e r  c o e f f i c i e n t s  f o r  t h e  same 
type  of  d a t a  measured i n  t h e  i n l i n e  and c r o s s  channel  d i r e c t i o n s  f o r  a 
v a l u e  of z /d  e qua l  to -0 .61 ,  -There i s  no d a t a  p r e sen t ed  f o r  t h e  c r o s s  
channel  f o r c e  a t  z / d  of 0.75 because t h e  s t r a i n  gages  t h a t  were t o  measure 
t h a t  d a t a  f a i l e d  _ i n  t he  i n i t i a l  s t a g e s  of t h e  i n v e s t i g a t i o n .  The l a s t  two 
columns i n  t h e  t a b l e  g i v e  t h e  Fou r i e r  c o e f f i c i e n t s  f o r  t h e  d a t a  from the  
n o r t h  and s ou t h  wave probes .  
The c o e f f i c i e n t s  f o r  wate r  s u r f a c e  e l e v a t i o n ,  i n l i n e  f o r c e  and 
i n l i n e  top r e a c t i o n  a t  t h e  fundamental  f requency ,  i . e .  A1 and Bl are .-
gene r a l l y  q u i t e  l a r g e  r e l a t i v e  t o  t h e  c o e f f i c i e n t s  f o r  h i ghe r  f r equenc i e s  
. - - "  
f o r  t h e  i n l i n e  da t a .  Tes t s  75-12-S and 75-LO-S a r e  examples of b e s t  and 
worst  c a se s  r e s p e c t i v e l y .  The va lues  of A and B g ene r a l l y  become q u i t e  
n n 
i n s i g n i f i c a n t  f o r  n  g r e a t e r  than  3 o r  4 .  The c o e f f i c i e n t s  f o r  t h e  
t r a n sve r s e  d a t a  however tend t o  be sp read  ove r  t h e  range of f r equenc i e s  
r ep re sen t ed  by t h e  c o e f f i c i e n t s ,  w i t h  one o r  more peaks which may o r  may 
n o t  occur  a t  t h e  fundamental  f requency.  T e s t  75-12-S i s  an example of 
such a  case .  
Table 6 ,2 -2  p r e s en t s  s l o s h i n g  and skewness c o e f f i c i e n t s ,  These 
c o e f f i c i e n t s  a r e  computed u s ing  t h e  wave p r o f i l e  Fou r i e r  c o e f f i c i e n t s .  
They are a check on how c l o s e l y  t h e  wave p r o f i l e  under c on s i d e r a t i on  
conforms t o  t h e  t h e o r e t i c a l  p r o f i l e  ob t a ined  u s ing  L inea r  wave theory .  
L inea r  wave theory  p r e d i c t s  a  symmetr ical  wave p r o f i l e .  Being a two-
dimensional  theory  t h e r e  i s  a l s o  no t r a n sve r s e  f l u i d  motion. The wave 
p r o f i l e s  be ing  ana lyzed  a r e  p icked  ou t  of t h e  wave r eco rd  c r e s t  t o  c r e s t .  
Therefore  i f  t h e  wave i s  p e r f e c t l y  symmetr ical  t h e  s i n e  c o e f f i c i e n t s  of 
t h e  Fou r i e r  s e r i e s  should  be ze ro .  The skewness c o e f f i c i e n t  g iven  by, 
where A and B a r e  Fou r i e r  c o e f f i c i e n t s  of wave p r o f i l e ,  i s  a measure of 
n n 
t h e  symmetry of t he  wave form. The s l o sh i ng  c o e f f i c i e n t  i s  g iven  by 
where A and B and AZn and B2n a r e  Fou r i e r  c o e f f i c i e n t s  f o r  t h e  twoI n  I n '  
wate r  s u r f a c e  e l e v a t i o n  records  under c on s i d e r a t i on .  The s l o s h i n g  
c o e f f i c i e n t  i s  formed by computing t he  covar iance  of t h e  two r eco rds .  I f  
t h e  two r eco rds  a r e  n o t  we l l  c o r r e l a t e d  t h i s  may i n d i c a t e  a s t and ing  wave 
i n  t h e  tank  and corresponding t r a n sve r s e  f l u i d  motions.  Values of 1 f o r  
t h e  skewness and s l o sh i ng  c o e f f i c i e n t s  i n d i c a t e s  p e r f e c t  symmetry and no 
s l o s h i n g  r e s p e c t i v e l y .  
6 . 3  STATIC STRUCTURE-IRREGULAR WAVES 
Th i s  s e c t i o n  p r e s en t s  d a t a  produced by i r r e g u l a r  waves a c t i n g  
upon a s t a t i c  s t r u c t u r e .  Tables 6.3-1 and 6.3-2 con t a in  t h i s  d a t a .  Table 
L 2 - 7  presents n~nna~+-ins computed from, t h e  i r r e g u l a r  ~ ~ produced~ ~ e sW ~ T JyAuyL,bA,a ~ 
in t h e  i n v e s t i g a t i o n ,  The first column of the t a b l e  gives t h e  test 
number a s s igned  t o  a p a r t i c u l a r  test. The second column g i v e s  t h e  roo t  
mean squa re  of t he  water  s u r f a c e  d ev i a t i on .  The frequency con t en t  of t h e  
wave p r o f i l e  records  f o r  each test  l i s t e d  i n  t h e  t a b l e s  were e s s e n t i a l l y  
t h e  same. This  can be v e r i f i e d  by examining F ig .  6.3-1. Normalized 
power s p e c t r a  from t h r e e  of t h e  t e s t s  i n  Table  6.3-1 a r e  p l o t t e d .  The 
power s p e c t r a  a r e  normalized by d i v i d i ng  each  o r d i n a t e  of t h e  spectrum 
by t h e  mean square  va lue  of t he  water s u r f a c e  e l e v a t i o n  a s s o c i a t e d  wi th  
t h e  r e s p e c t i v e  spectrum. The p l o t  i n  F ig .  6.3-1 shows t h a t  t h e  s p e c t r a  
from each  of  t h e  t h r e e  tests match almost  p e r f e c t l y  i n  t h e  range  of 
f r e quenc i e s  which t h e  g r e a t e s t  amount of energy i n  t h e  spectrum occupies .  
Off t o  e i t h e r  s i d e  of t h i s  range t h e  agreement i s  n o t  as good. The on ly  
s i g n i f i c a n t  d i f f e r e n c e  i s  t h a t  shown by t e s t  75-07-5 i n  t h e  h i gh  frequency 
range  of t h e  spectrum. Note t h a t  a semi-log s c a l e  i s  used i n  t h e  p l o t .  
This  magn i f i e s  t h e  d i f f e r e n c e s  shown. These d i f f e r e n c e s  may be  due t o  
n o i s e  i n  t h e  d a t a  o r  o t h e r  c on s i d e r a t i on s .  
The t h i r d  and f o u r t h  columns of Table  6.3-1 con t a in  dimension- 
2 2l e s s  parameters  analogous t o  t h e  d/gT and H/gT  parameters  used i n  
p e r i o d i c  waves. The va lue  ass igned  t o  f i s  t h e  f requency a t  which t h e  
0 
peak of  t h e  power s p e c t r a  f o r  t h e  wave p r o f i l e  occurs .  Columns 6-9 g i v e  
- 2t h e  r o o t  mean squa re  v a l u e s  of u ,  u and u a t  t h e  d imens ion less  
v e r t i c a l  coo rd ina t e  z /d  s p e c i f i e d  i n  column 5 .  
Examples of power s p e c t r a  f o r  wate r  s u r f a c e  e l e v a t i o n ,  r e a c t i o n  
f o r c e s ,  and f o r c e  i n t e n s i t y  computed from a t y p i c a l  t e s t  run a r e  shown i n  
F ig .  6.3-2. F igure  6.3-2a shows power s p e c t r a  computed f o r  bo t h  t h e  
n o r t h  and s ou t h  wave probes .  Also shown on t h e  same p l o t  i s  t h e  c r o s s  
spectrum of  t h e  two r eco rds .  The f a c t  t h a t  a l l  t h r e e  a r e  about  t h e  same 
shows t h a t  t h e r e  was very  l i t t l e  s l o sh i ng  t a k i ng  p l a c e  i n  t h e  wave tank.  
The power s p e c t r a l  d e n s i t y  f unc t i on  f o r  t h e  test  specimen 
i n l i n e  and t r a n sve r s e  r e a c t i o n s  i s  shown i n  F i g .  6.3-2b. The spectrum 
was computed f o r  d a t a  from t e s t  75-3-S. The spectrum f o r  t h e  i n l i n e  
r e a c t i o n  shows t h e  same frequency con t en t  a s  t h e  wave spectrum. The 
t r a n sve r s e  r e a c t i o n  spectrum is  zero  f o r  a l l  i n t e n t s  and purposes  h e r e .  
Note t h a t  t h e s e  graphs use  a r i t hme t i c  s c a l e s .  
Force i n t e n s i t y  s p e c t r a  a t  z / d  = 0.75 and 0 .61  a r e  shown i n  
F ig s .  6.3-2 c  and d r e s p e c t i v e l y .  The i n l i n e  components show t h e  same 
f requency  con t en t  a s  t h e  wave spectrum. The spectrum of t h e  t r a n s v e r s e  
component of f o r c e  i n t e n s i t y  a t  z/d = 0.61 i s  n e g l i g i b l e  compared t o  t h e  
i n l i n e  spectrum. Both f i g u r e s  use  a r i t hm e t i c  s c a l e s  
A summary of t h e  f o r c e  d a t a  i s  p re sen t ed  i n  Table  6.3-2. The 
f i r s t  and second columns a r e  t h e  same a s  i n  Table  6.3-1. The t h i r d  column 
of Tab l e  6.3-2 g ive s  t h e  l e ng t h  of r eco rd  t h a t  was used i n  t h e  a n a l y s i s .  
Column 4 con ta in s  v a l u e s  of optimum frequency,  t h e  f requency a t  which t h e  
peak of t h e  wave p r o f i l e  power s p e c t r a  occurs .  Columns g i v e  t h e  r oo t  
mean s qua r e  va lues  of t h e  va r ious  f o r c e  measurements made i n  t he  i nves  ti-
ga t i on .  Column 5 g ives  t h e  v e r t i c a l  coo rd ina t e  a t  which t h e  f o r c e  measure- 
ments were made. The d a t a  i n  columns 6-8 p e r t a i n  t o  t h e  measured f o r c e  due 
t o  wave a c t i o n  on t h e  t e s t  specimen, The d a t a  i n  columns 9-11 con t a i n  
v a l u e s  computed from t h e  f o r c e  a pp l i e d  t o  t h e  beam suppor t i ng  t h e  top of 
t h e  tes t  specimen. 
P l o t s  of power s p e c t r a  f o r  t h e  i n l i n e  and t r a n s v e r s e  top  r e a c t i o n  
r eco rds  from t h r e e  t e s t s  a r e  shown i n  F ig ,  6.3-3, The s p e c t r a  were 
normalized by d i v i d i ng  by t h e  mean squa re  v a l u e  of t h e  r e s p e c t i v e  r eco rds .  
The peak of t h e  i n l i n e  power s p e c t r a  occurs  a t  t h e  same frequency a s  t h e  
peaks of t h e  wave p r o f i l e  s p e c t r a .  The peak of t h e  t r a n s v e r s e  power 
s p e c t r a  occurs  around 1 , 4  cps a s  does a second peak i n  t h e  i n l i n e  power 
s p e c t r a ,  The means of t h e  t r a n sve r s e  f o r c e  r eco rds  were no t  removed p r i o r  
t o  computing t h e  power spectrum, t h e r e f o r e  t h e r e  a r e  l a r g e  v a l u e s  a 0 cps 
a s s o c i a t e d  w i th  t he se  s p e c t r a .  
F igu re  6.3-4 through 6.3-7 show p l o t s ,  on semi l o g  s c a l e ,  of 
i n l i n e  and t r a n sve r s e  f o r c e  i n t e n s i t y  power s p e c t r a  a t  a v e r t i c a l  
coo rd ina t e ,  z/d,  of 0.61 f o r  tests 75-04-S through 75-07-S. Note t h a t  
w i th  i n c r e a s i n g  ampli tude of r oo t  mean squa re  waveheight t h a t  t h e  peak 
v a l u e  of t h e  t r a n sve r s e  power s p e c t r a  i n c r e a s e s  and a l s o  t h a t  t h e  frequency 
--- 
- - - 
- - 
composi t ion of t h e  spectrum changes. The peak of  t h e  t r a n s v e r s e  spectrum 
s h i f t s  from 0.77 cps t o  about  1 . 4  cps .  
6 , 4  DYNAMIC STRUCTURE-PERIODIC WATTES 
Data  measurements t aken  from a test specimen al lowed t o  respond 
dynamical ly  t o  p e r i o d i c  waves a r e  p r e sen t ed  i n  t h i s  s e c t i o n ,  The d a t a  i s  
e s  6.4-1, 6.4-2, and 6.4-3, Data is  p r e s en t ed  i n  t h e  form 
o f  Fou r i e r  c o e f f i c i e n t s  i n  Table  6.4-1 a s  i n  Table  6.2-1. The headings a r e  
* - -
s im i l a r  t o  t hose  i n  Table  6.2-1 and a r e  expla ined  i n  d e t a i l  i n  s e c t i o n  6 .2 .  
Columns 2, 3 and 4 g ive  t h e  wave g ene r a t o r  f requency,  t h e  waveheight and 
t h e  l e ng t h  of  t h e  t ime r eco rd  analyzed r e s p e c t i v e l y ,  Columns 7-12 con t a in  
% * - - * 
Fou r i e r  c o e f f i c i e n t s  f o r  t h e  d a t a  r eco rds  denoted i n  t h e  head ings .  The 
displacement  a t  z /d  equa l s  0.75 i n  columns 7 and 8 
r e f e r s  t o  t h e  displacement  of t h e  test  specimen a t  t h a t  v e r t i c a l  coo rd ina t e .  
The Fou r i e r  c o e f f i c i e n t s  d e s c r i b i ng  t h e  d a t a  i n  t h i s  s e c t i o n  
were computed u s ing  a d i f f e r e n t  scheme than t h a t  p r e sen t ed  i n  s e c t i o n  6 - 2 .  
The t i m e  of  du r a t i on  of  t h e  d a t a  r eco rds  was t aken .  a s  t h e  fundamental  
p e r i o d  and Fou r i e r  c o e f f i c i e n t s  computed f o r  t h e  t o t a l  r e co rd  i n  one 
s t e p .  Theref o r e  - t h e  f r equenc i e s  l i s t e d  i n  Table  6.4-1 a r e  mu l t i p l e s  of 
." -
" --*- -
t h e  fundamental  f requency which i s  I/T where T i s  t h e  t i m e  o f  du r a t i onD d
-- " - -*-
of t h e  r eco rd .  Column 6 then  l i s t s  t h e  c o e f f i c i e n t  be ing  p re sen t ed  and 
column 5 t h e  f requency a t  which t h e  c o e f f i c i e n t  was computed. The 
numbering scheme used t o  p r e s e n t  t h e  c o e f f i c i e n t s  d e s i gna t e s  t h e  f i r s t  
c o e f f i c i e n t  a s  t h e  one cor responding  t o  t h e  f requency of  t h e  waves. Only 
t h e  s i g n i f i c a n t  c o e f f i c i e n t s  have been p re sen t ed .  Large groups of  
- - "  - - -
i n s i g n i f i c a n t  c o e f f i c i e n t s  have been l e f t  o u t  of t h e  t a b l e .  
-
.- --" -
Examination of Table  6.4-1 shows t h a t  most i n l i n e  f o r c e s  and 
motion i s  l im i t e d  t o  t he  f requency of t h e  wave producing the f o r c e s  and 
motion. The t r a n sve r s e  f o r c e s  and motion on t h e  o t h e r  hand a r e  much more 
spread over the frequency s ca l e  and tend to peak near the  n a t u r a l  £re- 
quency of the t e s t  specimen, T h i s  is  a l so  c lose  t o  the  frequency range 
where t ransverse  forces were peaking f o r  the  s t a t i c  specimen ind ica t ing  
t h a t  t h e r e  may be S t rouhal  e f f e c t s  coinciding with the na tu r a l  frequency 
of the t e s t  specimen. 
Wave and specimen kinematical  quan t i t i e s  have been presented 
i n  Table 6.4-2. The f i r s t  two columns give the  t e s t  number and v e r t i c a l  
coordinate i n  dimensionless form. The next  th ree  columns give the  root  
mean square values of the  following wave quan t i t i e s ;  hor izon ta l  water 
p a r t i c l e  displacement, ve loc i ty ,  and accelera t ion respect ively .  Simi lar ly  
presented i n  the next th ree  columns are  specimen i n l i n e  displacement, 
v e loc i t y  and accelera t ion.  The root  mean square values of r e l a t i v e  
ve loc i t y  and accelera t ion a re  presented i n  the next  two columns. F ina l ly  
-
- - -t h e  rootmean s q u a c e o f  _the_transve.rse specimen-displ-asment a n d  -3%c~coss-- - - - --
product between specimen transverse and i n l i n e  displacement i s  presented.  
This t ab le  shows t h a t  the transverse motion i s  a high percent- 
age of the i n l i n e  motion. This is  a d i f f e r en t  type of motion than what 
the  modified i orris on's equation, the  force  model p resen t ly  under 
considerat ion was intended fo r ,  This may account f o r  the  va r i a t i on  i n  
the  values of C C and C computed from experimental da ta  with D9 I M 
t h eo r e t i c a l  values. 
Data describing the measured and t heo re t i c a l  forces  f o r  each 
t e s t  a r e  contained i n  Table 6.4-3. The t heo re t i c a l  model i s  computed 
using force coef f i c ien t  values presented i n  Chapter 7 .  The f i r s t  two 
columns of  the  t ab le  contain the t e s t  number and v e r t i c a l  coordinate 
respect ively .  The next th ree  columns contain the root  mean square values 
of the  measured i n l i n e  and transverse force  i n t en s i t y  and the  mean square 
value of t h e  i n l i n e  and transverse force  i n t en s i t y  cross  product. The 
- -  - 
- - 
f o u r t h  column con t a in s  t h e  r a t i o  of t h e  r o o t  mean squa re  va lues  of t r ans -
v e r s e  t o  	i n l i n e  measured f o r c e  i n t e n s i t y .  The l a s t  f o u r  columns con t a in  
r a t i o s  between r o o t  mean square  va lues  of measured, t h e o r e t i c a l  and 
components of t h e o r e t l c  n t e n s i t y ,  The f i r s t  i s  t h e o r e t i c a l  t o  
measured 	 f o r c e  i n t e n s i t y .  The n e x t  t h r e e  a r e  d r ag ,  i n e r t i a  and added 
mass f o r c e  components t o  t h e o r e t i c a l  f o r c e  i n t e n s i t y ,  The t a b l e  shows 
t h a t  f o r  most c a se s  t h e  added mass component of f o r c e  i n t e n s i t y  was sma l l  
r e l a t i v e  	t o  t he  drag and i n e r t i a  components of f o r c e  i n t e n s i t y .  
* -
6 . 5  	 DYNAM.1C STRUCTURE -IRREGULAR WAVES 
Four t e s t s  were run i nvo lv ing  a  dynamical ly  responding specimen 
. -
s u b j e c t e d  	t o  i r r e g u l a r  waves. The d a t a  from those  t e s t s  i s  p r e sen t ed  i n  
t h i s  s e c t i o n  and a r e  shown i n  Tables  6.5-1 and 6.5-2. Table  6.5-1 
- " -
con ta in s  wave k inema t i ca l  q u a n t i t i e s .  The f i r s t  5 columns con t a in  t h e  
2 2
t e s t  number, r o o t  mean square  wave h e i g h t ,  d / g ~  , h / g ~  and v e r t i c a l  
2 2
coo rd ina t e .  The d/gT and h/gT a r e  computed accord ing  t o  t h e  same 
d e f i n i t i o n  used i n  s e c t i o n  6.3. Root mean squa re  va lues  of v a r i o u s  kine- 
m a t i c a l  terms a r e  p r e sen t ed  i n  t h e  r e s t  of t h e  t a b l e  as l i s t e d  i n  t h e  
column headings.  
Force and specimen d i sp lacement  q u a n t i t i e s  a r e  p r e sen t ed  i n  
Table 6.5-2. The f o r c e  q u a n t i t i e s  a r e  t h e  r o o t  mean squa re  of t h e  i n l i n e  
and t r a n s v e r s e  f o r c e  i n t e n s i t i e s  corresponding t o  t he  v e r t i c a l  coo rd ina t e  
and t r a n s v e r s e  specimen d i sp lacements  a r e  shown i n  columns 9 and 10 ,  
Although headings a r e  l i s t e d  f o r  f o r c e  i n t e n s i t y  and displacement  c r o s s  
p roduc t  terms no v a l u e s  were computed and t h e r e f o r e  n o t  inc luded  i n  t h e  
t a b l e .  The d a t a  show t h a t  t h e  r a t i o  of t r a n s v e r s e  t o  i n l i n e  f o r c e  i n t e n s i t y  
and d i sp lacement  i n c r e a s e s  w i t h  i n c r e a s i n g  r o o t  mean squa re  wave h e i g h t .  
- -- - - - - - -- - 
Power s p e c t r a l  d e n s i t y  f unc t i on s  f o r  i n l i n e  and t r a n sve r s e  f o r c e  
i n t e n s i t y  components from two test runs  are p l o t t e d  i n  F ig .  6 ,5-1 and 
6.5-2.  The main f e a t u r e  of t h e  p l o t s  i s  t h e  sma l l  amount of t r a n sve r s e  
f o r c e  i n t e n s i t y  r e l a t i v e  t o  i n l i n e  f o r c e  i n t e n s i t y  a t  z / d  equa l s  0.61 
- - - - - - .- - - -- --- ---- - - --- - - - - -- - -- -.---- -- - . - - - - - - - - --- - - -
where bo t h  i n l i n e  and t r a n sve r s e  f o r c e  i n t e n s i t y  were measured. F igu re s  
6,5-3 and 6,5-4  show p l o t s  of power s p e c t r a l  d e n s i t y  f unc t i on s  f o r  i n l i n e  
and t r a n s v e r s e  displacement .  In  F i g ,  6.5-4 t h e  peak of t h e  t r a n sve r s e  power 
spectrum i s  l a r g e r  than t h e  peak of t h e  i n l i n e  power spectrum. Ev iden t ly  
t h e  t r a n s v e r s e  f o r c e s  d r i v i n g  t h e  t r a n s v e r s e  d i sp lacements  are confined t o  
t h e  p a r t  of t h e  wate r  column above t h e  p o i n t  ( z / d  = 0,61) where t r a n sve r s e  
f o r c e  i n t e n s i t y  was measured i n  t h i s  i n v e s t i g a t i o n .  
Data  was p r e sen t ed  i n  t h i s  s e c t i o n  f o r  s t a t i c  and dynamic 
s t r u c t u r e s ,  bo th  a c t e d  upon by p e r i o d i c  and i r r e g u l a r  waves. The d a t a  
p r e s en t ed  c h a r a c t e r i z ed  t h e  d i sp lacement ,  f o r c e ,  and wate r  s u r f a c e  e leva-  
t i o n  measurements made dur ing  t h e  course  of the i n v e s t i g a t i o n s ,  Water 
p a r t i c l e  v e l o c i t i e s  and a c c e l e r a t i o n s  were a l s o  r e qu i r ed  and computed from 
wave p r o f i l e s  u s ing  l i n e a r  wave theory .  Various v a l u e s  of wate r  p a r t i c l e  
v e l o c i t y  and a c c e l e r a t i o n  were presen ted .  The da ta  p r e sen t ed  show t h a t  
t h e  i n l i n e  f o r c e  i n t e n s i t i e s ,  and d i sp lacements  o r  r e a c t i o n s  respond 
wi th  t h e  same frequency of  t h e  incoming waves. Transverse  e f f e c t s  on t h e  
o t h e r  hand range from i n s i g n i f i c a n t  magnitudes t o  magnitudes g r e a t e r  t han  
t hose  o f  t he  corresponding i n l i n e  q u a n t i t i e s ,  A s  t h e  ampli tude of  t r ans -
v e r s e  d i sp lacement  i n c r e a s e s  t he  f requency of t h e  response s h i f t s  from 
t h e  f requency of t h e  incoming wave t o  a h i ghe r  f requency n e a r  t h e  n a t u r a l  
f requency of  t h e  specimen. 
I 
CHAPTER 7 
DISCUSSION AND SUMMARY 
7 . 1  INTRODUCTION 
- _ ____  _ - - - T h i s  - c h a p t e r  summarizes--the--pre ceding -chap t e r s  -of- thits-repor-t- -- --- - -
and d i s c u s s e s  t h e  r e s u l t s  of t h e  s m a l l  s c a l e  l a b o r a t o r y  exper iment  
performed dur ing  t h i s  i n v e s t i g a t i o n .  Th i s  i n v e s t i g a t i o n  c o n s i s t s  of 
t h r e e  p a r t s .  The f i r s t  i s  an a n a l y t i c a l  i n v e s t i g a t i o n  i n t o  t h e  problem 
a t  hand, a Single-Degree-of-Freedom system i n  a f l u i d  environment .  The 
r e s u l t s  of t h i s  a n a l y s i s  a r e  d i s cus sed  by Murtha (13) .  The second p a r t  
of t h e  i n v e s t i g a t i o n  i s  an examinat ion of t h e  v a r i o u s  methods o f  a n a l y s i s  
t h a t  can be  used t o  op t imize  f o r c e  models,  i . e ,  t o  p i c k  f o r c e  c o e f f i c i e n t s  
such t h a t  t h e  d i f f e r e n c e  between measured and t h e o r e t i c a l  v a l u e s  of f o r c e  
i n t e n s i t y  a r e  minimized. The t h i r d  p a r t  of t h e  i n v e s t i g a t i o n  i s  a s e t  of 
s m a l l  s c a l e  l a b o r a t o r y  exper iments ,  Values  of f o r c e  c o e f f i c i e n t s  computed 
from d a t a  ob t a ined  i n  t h a t  exper iment  a r e  p r e sen t ed  i n  t h i s  c h a p t e r .  
7 .2  FORCE MODELS 
T h i s  s e c t i o n  b r i e f l y  d e s c r i b e s  t h e  f o r c e  model under considera- 

t i o n  i n  t h i s  r e p o r t ,  Murtha (13) h a s  shown t h a t  t h e  f o r c e  i n t e n s i t y  due 

t o  wave motion of a c i r c u l a r  c y l i n d e r  a l lowed t o  v i b r a t e  can b e  broken 

up i n t o  3 terns. These a r e  i n e r t i a ,  added mass, and r a d i a t i o n  damping 

terms. I n  a d d i t i o n  t h e  presence  of v i s c o s i t y  r e q u i r e s  a v i s cous  drag  

term. For t h e  purpose of ana lyz ing  l a b o r a t o r y  d a t a  t h e  f o u r  parameter  

model de sc r ibed  above was s imp l i ed  t o  a 3 parameter  model, 

Th is  model c o n s i s t s  of v i s cous  drag ,  i n e r t i a ,  and added mass components. 
7 .3  METHODS OF ANALYSIS 
Th i s  s e c t i o n  w i l l  d e s c r i b e  methods t h a t  can be used t o  e v a l u a t e  
t h e  f o r c e  c o e f f i c i e n t s  i n  E q ,  7 , 2 - 1  given l a bo r a t o r y  d a t a ,  There  a r e  
b a s i c a l l y  two types  of methods t h a t  can be used t o  compute C CI ,  and CD "  M U  
The f i r s t  i s  t o  use  s p e c t r a l  d en s i t y  f unc t i on s  and minimize t h e  squa re  of 
t h e  e r r o r  between measured and p r ed i c t e d  f o r c e  s p e c t r a .  The second method 
of a n a l y s i s  computes f o r c e  c o e f f i c i e n t s  by u s ing  time averag ing  methods. 
The time-dependent qu an t i e s  t h a t  must be measured f o r  both methods of 
a n a l y s i s  a r e  f o r c e  i n t e n s i t y ,  wave p r o f i l e ,  and s t r u c t u r a l  d i sp lacement .  
The s p e c t r a l  method of approach r e qu i r e s  t h a t  a l i n e a r i z e d  form 
of  t h e  f o r c e  model be used.  This  i s  g iven  by 
The t h e o r e t i c a l  f o r c e  spectrum can be ob t a ined  by forming t h e  spectrum of 
t he  above equa t ion .  
-
2 2
- K.,;S++ + KI w  S.... + 2KDLKaRe [ s ~ ]  (7.3-2)S.... f Ka x x  + 2KIKaRe [ s ~ ]S f '  
2 2 
- PD CI 4and Ka I M 4 The s p e c t r a  i n  where KDL - CDL F,KI - pnD = (C -C ) 
t h e  above equa t i on  a r e  computed from water  s u r f a c e  e l e v a t i o n  and s t r u c t u r a l  
d i sp lacement  t ime s e r i e s .  L inear  wave t heo ry  i s  used t o  t rans form s p e c t r a  
d e s c r i b i ng  i r r e g u l a r  waves i n t o  s p e c t r a  de sc r ib ing  t h e  a s s o c i a t e d  water  
p a r t i c l e  motion. 
Genera l ized  f o r c e  c o e f f i c i e n t s  KDL, KI and K can be computed by 
a 
minimizing t h e  r o o t  mean square  of t h e  d i f f e r e n c e  between Sf P f Vand Sf f  
t h e  measured f o r c e  i n t e n s i t y  spectrum, w i th  r e s p e c t  t o  KDL 3 KI a d  KA *  
This  y i e l d s  t h r e e  s imultaneous non l i n e a r  equa t i ons  f o r  t h e  ca se  of a 
v i b r a t i n g  s t r u c t u r e .  A l i n e a r i z e d  form of t h e  equa t ions  has  been p re sen t ed  
i n  Chapter 3 .  This  may in t roduce  unacceptably l a r g e  e r r o r s  i n t o  t h e  
s o l u t i o n .  Fu r the r  work must be done t o  make t h i s  method of approach 
a c c ep t ab l e  f o r  dynamic s t r u c t u r e s .  For  a r i g i d  s t r u c t u r e  however a11  
s p e c t r a  a s s o c i a t e d  w i th  x, s t r u c t u r a l  displacement  w i l l  b e  i d e n t i c a l l y  
ze ro .  I n  t h i s  case  t h e  minimizat ion p roces s  w i l l  y i e l d  two l i n e a r  
equa t i ons  i n  two unknowns KDL and KI* 
The time averag ing  method minimizes t h e  r o o t  mean squa re  of t h e  
d i f f e r e n c e  between f  and f q ,  t h e  measured and t h e o r e t i c a l  f o r c e  i n t e n s i t i e s  
r e s p e c t i v e l y .  The r oo t  mean squa re  d i f f e r e n c e  i s  g iven  by 
T 
The minimizat ion c r i t e r i a  y i e l d  3 s imul taneous  l i n e a r  equa t i ons  
i n  KD3 K and K So lu t i ons  a r e  e a s i l y  ob t a ined  u s ing  s t anda rd  l i n e a r  I A" 

a lgeb ra  techniques ,  Note t h a t  bo th  t h e  l i n e a r  and non l i n e a r  forms of t h e  
f o r c e  model may be used i n  t h i s  method. 
7 . 4  FORCE  C O E F F I C I E N T S  
mil- 2lrlls Sec"Lloii and discuss tii@ of C 
, CI aiid 
C ob ta ined  from exper imenta l  d a t a  du r ing  t h e  course  of t h i s  i n v e s t i g a t i o n .  M 

The expe r imen ta l  d a t a  was ob t a ined  from a  c i r c u l a r  c y l i nd e r  p l aced  i n  a 
wave tank.  Wave motion was imparted t o  t h e  f l u i d  by means of  a  p i s t o n  
type wave gene ra to r .  Two types  of s t r u c t u r a l  cond i t i ons  were i n v e s t i g a t e d ,  
one r i g i d  t he  o t h e r  f l e x i b l e .  
Force c o e f f i c i e n t s  from a s t a t i c  c i r c u l a r  c y l i nd e r  a r e  given i n  
Tables  6.4-1 and 6.4-2. Table  6.4-1 c on t a i n s  f o r c e  c o e f f i c i e n t s  from a  
s t a t i c  s t r u c t u r e  s ub j e c t e d  t o  a  p e r i o d i c  wave. The f i r s t  f ou r  columns 
of t h e  t a b l e  g ive  t h e  t e s t  number, r e l a t i v e  dep th ,  r e l a t i v e  waveheight 
and dimensionless  v e r t i c a l  coo rd ina t e  r e s p e c t i v e l y .  The l a s t  f ou r  columns 
of t h e  t a b l e  g ive  v a l u e s  of Reynolds number, Kuelegan-Carpenter number, 
- - 
CDa  C and C f o r  a s t a t i c  s t r u c t u r e  are t h e  c o e f f i c i e n t s  of i n e r t i a  and I D 

drag  r e s p e c t i v e l y  t h a t  a r e  commonly used i n  Morr i son ' s  equa t i on  which i s  
r e p e a t ed  h e r e .  
A p l o t  of t h e  v a l u e s  of C and C ve r sus  N and NK i s  g iven  i n  D I R 
Fig.  7.4-1. There a r e  n o t  enough d a t a  p o i n t s  t o  e s t a b l i s h  c o r r e l a t i o n s  
between t h e  f o r c e  c o e f f i c i e n t s  and t h e  parameters  p r e sen t ed  i n  t h i s  ' 
a n a l y s i s ,  however f o r  t h e  most p a r t  t h e  v a l u e s  of t h e  c o e f f i c i e n t s  f a l l  
w i t h i n  t h e  g ene r a l l y  accep ted  range of v a l u e s  of C and C IS  The f o r c e  D 

c o e f f i c i e n t s  from t e s t  75-31-5 a r e  n o t  inc luded  i n  t he  p l o t s  because t h e  
computed v a l u e s  of CD and CI appear  t o  be ques t i onab ly  h igh  and t h e  v a l u e s  
o f  t h e  skewness and s l o s h i n g  c o e f f i c i e n t s  a r e  n o t  a s  h igh  f o r  t h i s  test a s  
i n  t h e  o t h e r  t e s t s .  
Various f o m s  of Reynolds number and Kuelegan-Carpenter number 
a r e  used  i n  t h i s  chap t e r  t o  a i d  i n  p r e s en t i ng  f o r c e  c o e f f i c i e n t s .  The 
fo l l owing  w i l l  p r e s e n t  t h e  v a r i a t i o n s  p r e sen t ed .  The normal d e f i n i t i o n s  
of  Reynolds number and Kuelegan-Carpenter number a r e  6max D/v and 
max T/D 
r e s p e c t i v e l y  where fi i s  t h e  maximum ho r i z o n t a l  water  p a r t i c l e  v e l o c i t y ,  
max 

v i s  t h e  v i s c o s i t y  of wa t e r ,  D i s  t h e  d iameter  of t h e  test specimen and T 
i s  t h e  p e r i od  of t h e  wave. For a  p e r i o d i c  wave p r o f i l e  de sc r ibed  by 
rl = a cos (kx-at) (7.4-1) 
where a i s  t h e  wave ampli tude,  t he  maximum ho r i z o n t a l  wate r  p a r t i c l e  
v e l o c i t y  i s  g iven  by 
e cosh (kz)  
u = o a  
max s i n h  (kd) 
Note t h a t  a  = ZT /T .  S u b s t i t u t i n g  t h e  above exp re s s ion  i n t o  t h e  equa t ions  
f o r  Reynolds number, NR, and Kuelegan-Carpenter Parameter ,  NK, t h e  
fo l lowing  exp re s s ions  r e s u l t  
- - 
where  C- = cosh(kz)  / s i nh (kd )  . N and N g iven  i n  Tab l e  7.4-1 are computedK R 
u s i n g  t h e  c o s i n e  c o e f f i c i e n t  f o r  t h e  fundamenta l  f r equency  component of 
t h e  wave p r o f i l e .  
The p r odu c t  a G  i n  Eq .  7.4-3 i s  e q u a l  t o  t h e  maximum h o r i z o n t a l  
w a t e r  p a r t i c l e  d i sp l a cemen t ,  u Th i s  i s  t h e  b a s i s  f o r  computing t h e  
max * 
Kuelegan-Carpenter  pa ramete r  i n  t e rms  of  d i sp l a cemen t  r a t h e r  t h a n  v e l o c i t y .  
A d e f i n i t i o n  which i s  used  f o r  a s t a t i c  s t r u c t u r e  i n  i r r e g u l a r  waves i s  
t h e  f o l l ow ing .  
-
- J<u2>D 
N~ - v 
where  i n d i c a t e s  t h e  t i m e  ave r age  o f  t h e  term i n s i d e  t h e  b r a c k e t s .  For< a >  
dynamic s t r u c t u r e s  r e l a t i v e  v e l o c i t y  and d i sp l a cemen t  terms are used .  
V 

N ~ .  
A r e l a t i o n s h i p  between Eq .  7.4-3 and 7.4-4 can be  found by computing t h e  
r o o t  mean s q u a r e  v a l u e  of  d i sp l a cemen t  and v e l o c i t y  f o r  a p e r i o d i c  nave.  
The f o l l ow i ng  r e l a t i o n s h i p s  r e s u l t ,  
Table 7.4-2 p r e s e n t s  d r a g  and i n e r t i a  c o e f f i c i e n t s  f o r  a s t a t i c  
s t r u c t u r e  i n  a i r r e g u l a r  sea, These are computed by min imiz ing  t h e  r o o t  
mean s qua r e  of t h e  e r r o r  between t h e  measured and t h e o r e t i c a l  f o r c e s  a s  
d e s c r i b ed  i n  Chapter 4 .  I n  a dd i t i on  t h e  Reynolds number and Kulegan- 
Ca rpen t e r  parameter  have been computed f o r  each  t e s t ,  Columns 7 through 
10  con t a i n  r a t i o s  of v a r i ou s  f o r c e  q u a n t i t i e s ,  Column 7 c on t a i n s  t h e  
r a t i o  of t h e  r o o t  mean square  va lues  of t h e  t h e o r e t i c a l  and t h e  measured 
f o r c e  i n t e n s i t i e s .  The t h e o r e t i c a l  f o r c e  i n t e n s i t y  i s  ob t a ined  u s ing  
iYorr i sonYs  equa t i on .  The nex t  column p rov ides  t he  r a t i o  of  t h e  r o o t  mean 
squa re  v a l u e s  of t he  drag  and i n e r t i a  components of t he  t h e o r e t i c a l  f o r c e  
i n t e n s i t y .  A s  expec ted ,  t he  drag component i n c r e a s e s  wi th  r e s p e c t  t o  t h e  
i n e r t i a  component wi th  i n c r e a s i ng  r o o t  mean square  wave h e i gh t .  
The f i n a l  two columns of Table  7.4-2 g ive  a  measure of t h e  e r r o r  
produced by t h e  t h e o r e t i c a l  s o l u t i o n .  E and E a r e  g iven  by t h e  fo l lowing  T F 
where T i s  t h e  du r a t i on  of t he  r eco rd  i n  t h e  t ime domain and F i s  t h e  
max 
maximum frequency a b e i s s a  i n  t h e  frequency domain, 
The r a t i o s  of E and E t o  t h e  r o o t  mean squa re  v a l u e  of  measured T f 
f o r c e  p rov ide  an i n d i c a t i o n  of t h e  amount of e r r o r  i n  t h e  t h e o r e t i c a l  f o r c e  
i n  t he  t ime and frequency domains r e s p e c t i v e l y ,  Both e r r o r s  i n c r e a s e  wi th  
i n c r e a s i n g  r o o t  mean square  wave h e i gh t .  
The power s p e c t r a l  d en s i t y  f unc t i on s  f o r  t h e  t h e o r e t i c a l  and 
m,easur-d f o r c e  i n t e n s i t y  records from two t e s t s  are p l o t t e d  nn semi l og  
s c a l e  i n  F ig .  7.4-2 and 7 .4 -3 .  These show a  reasonably  c l o s e  f i t  between 
t h e  t h e o r e t i c a l  and measured s p e c t r a .  Also p l o t t e d  on t h e  f i g u r e s  a r e  
t h e  power s p e c t r a l  d en s i t y  func t i ons  f o r  t h e  drag and i n e r t i a  components 
of t he  t h e o r e t i c a l  f o r c e .  I n  Fig. 6.3-8 t he  p l o t s  a r e  from t e s t  075-01-5 
which has  t h e  sma l l e s t  r oo t  mean s qua r e  waveheight i n  t h i s  s e r i e s  of t e s t s .  
F igu re  6.3-9 r e p r e s en t s  d a t a  from test  75-07-S which has  t h e  l a r g e s t  r o o t  
mean squa re  waveheight.  Comparison of t h e  two p l o t s  shows t h e  i n c r e a s e  
of  t h e  d r ag  component of f o r c e  r e l a t i v e  t o  t h e  i n e r t i a  component and t h e  
dec rea se  of  t h e  i n e r t i a  component r e l a t i v e  t o  t h e  t o t a l  t h e o r e t i c a l  f o r c e ,  
7 , 4 . 1  DYNAMIC STRUCTURE FORCE COEFFICIENTS 
This  s e c t i o n  p r e s en t s  v a l u e s  of C CI ,  CM9 d rag ,  i n e r t i a  and 
D9 

added mass c o e f f i c i e n t s ,  ob ta ined  from t e s t s  where t he  t e s t  specimen was 
a l lowed t o  o s c i l l a t e  f r e e l y  under  t h e  i n f l u enc e  of  pa s s ing  waves. The 
c o e f f i c i e n t s  a r e  p r e sen t ed  i n  Tables  7.4-3, 7.4-4 and 7.4-5. Two types  of  
wave cond i t i ons  were i n v e s t i g a t e d .  The f i r s t  was p e r i o d i c  waves. The 
second was i r r e g u l a r  waves. The r e s u l t s  of  t h e  p e r i o d i c  wave t e s t s  a r e  
g iven  i n  Table  7.4-3. Also shown a r e  t h r e e  s e t s  of N and N and an e r r o r  R K 
parameter .  The equa t i ons  used t o  compute each Reynolds number and Kuelegan- 
Carpente r  parameter  i s  shown a t  t h e  bottom of  t h e  f i r s t  page of  t h e  t a b l e .  
B r i e f l y  one s e t  is  computed us ing  r oo t  mean s q u a r e v a l u e s  of h o r i z o n t a l  
wa t e r  p a r t i c l e  motion, ano ther  s e t  u se s  r o o t  mean squa re  va lues  of 
r e l a t i v e  motion, and t h e  l a s t  se t  i s  computed u s i ng  t h e  maximum r e l a t i v e  
v e l o c i t y  i n  t h e  t ime record .  This  l a s t  s e t  of N and N may be  used t oR K 
compare t h e  d a t a  i n  t h i s  s e c t i o n  t o  t h a t  of Sarpkaya (3) and o t h e r s .  
The f i r s t  t h r e e  columns of t h e  t a b l e  have been descr ibed  pre-  
v i ou s l y ,  The f ou r t h  column g ives  t h e  v e r t i c a l  coo rd ina t e  from which t h e  
d a t a  used t o  compute t h e  f o r c e  c o e f f i c i e n t s  was l o c a t ed .  The v a l u e s  of 
CD9 C and C a r e  t hen  p re sen t ed  a long  w i th  t h e  r e s p e c t i v e  v a l u e s  ofI PI 
Reynolds numbers and Kuelegan-Carpenter parameters .  The e r r o r  parameter  
p r e sen t ed  i n  t h e  l a s t  column is  t h e  r o o t  mean s qua r e  of t he  e r r o r  between 
t h e  measured and t h e o r e t i c a l l y  p r e d i c t e d  f o r c e  t ime records  d iv ided  by 
t h e  r o o t  mean squa re  of  t h e  measured f o r c e .  The t h e o r e t i c a l l y  p r ed i c t e d  
f o r c e  i s  computed using t h e  va lues  of CD~ CI and C i n  Table 7.4-3.M 
These values were computed from the data by minimizing t h e  square of t h e  
e r r o r  between t h e  measured and p red ic t ed  fo rce  time records.  See chapter  
4 f o r  a d e t a f l e d  desc r ip t ion ,  
No f o r c e  c o e f f i c i e n t s  a r e  presented  f o r  t e s t s  75-16-D, 75-17-D, 
and 75-18-D. This  i s  because the  method used t o  compute the  f o r c e  
c o e f f i c i e n t s  f o r  a l l  o t h e r  t e s t s  f a i l e d  f o r  t h e s e  three .  The method 
f a i l e d  because the  specimen responded i n  phase wi th  the  ho r i zon t a l  water  
p a r t i c l e  displacement and with a comparable amplitude of displacement.  
This  r e s u l t e d  i n  small  r e l a t i v e  v e l o c i t i e s  and acce le ra t ions  which caused 
t h e  ma t r i x  of c o e f f i c i e n t s  which must be inve r t ed  t o  so lve  f o r  CD' CI and 
C t o  be s i ngu l a r .  Therefore no c o e f f i c i e n t s  were computed f o r  t hese  t e s t s .M 

The va lues  of CD and C a r e  s l i g h t l y  h igher  than corresponding I 
va lues  computed from s t a t i c  s t r u c t u r e s .  The va lue  of C appears t o  vary  %a 
e r r a t i c a l l y  between va lues  of -1. and 1. One reason f o r  t h i s  may be t h a t  
t h e  added mass i n t e n s i t y  component of force i n t e n s i t y  was too smal l  
r e l a t i v e  t o  t h e  drag and i n e r t i a  components t o  a l l ow  e f f e c t i v e  computation 
of CH. A l s o  l a r g e  t r ansve r se  displacements were present  i n  most of t h e  
test records .  The fo rce  model urrder cons idera t ion  was n o t  designed f o r  
t h i s  type  of s t r u c t u r a l  motion. This may l ead  t o  the  d iscrepancies  noted 
i n  t h e  da ta ,  
Force c o e f f i c i e n t  values f o r  a o s c i l l a t i n g  cyl inder  i n  an 
i r r e g u l a r  s e a  a r e  presented  i n  Tables 7.4-4 and 7.4-5. Table 7.4-4 pre-
s e n t s  va lues  from the  nonl inear  fo rce  model ana lys i s .  Table 7.4-5 presen t s  
va lues  from t he  l i n e a r  model ana lys i s .  The va lues  of CD9 CI and CM match 
w e l l  from both t ab l e s .  The fol lowing desc r ibes  Table 7.4-4. The headings 
of Table 7.4-5 a r e  s im i l a r .  
The Reynolds number and Kuelegan-Carpen t e r  parameter presented  
i n  the  t a b l e  were computed using roo t  mean square values of ho r i zon t a l  
- - - - 
water p a r t i c l e  v e l o c i t y  and a c c e l e r a t i o n  a s  i n  s e c t i o n s  6 .2  and 6 .3 .  The 
v a l u e s  of  C C and C pre sen t ed  i n  t h e  t a b l e  were computed u s i ng  t h e  
Il9 I 16 

method of a n a l y s i s  p r e sen t ed  i n  Chapter  4.  The b a s i c  premise of t h i s  
method i s  t o  minimize t h e  r o o t  mean squa re  between t h e  measured f o r c e  
i n t e n s i t y  and t h e  p r ed i c t e d  f o r c e  i n t e n s i t y  ob t a ined  u s ing  a  modi f ied  
orriso on's equa t i on .  Columns 9 through 11p r e s e n t  t h e  r a t i o  of t h e  r oo t  
mean squa re  v a l u e s  of t h e o r e t i c a l  t o  measured f o r c e  i n t e n s i t y ,  d rag  t o  
i n e r t i a  component of t h e o r e t i c a l  f o r c e  i n t e n s i t y ,  added mass t o  i n e r t i a  
f o r c e  i n t e n s i t y ,  and t r a n sve r s e  t o  i n l i n e  f o r c e  i n t e n s i t y  r e s p e c t i v e l y .  
Columns 10  and 11 con ta in  e r r o r  parameters .  They a r e  t h e  same a s  t hose  
p r e s en t ed  i n  Table 6.3-3 and exp l a ined  i n  s e c t i o n  6 .3 .  F igu re s  7.4-4 ,  5, 
6,  and 7 con ta in  p l o t s  o f  power s p e c t r a l  d e n s i t y  f unc t i on s  of v a r i ou s  
measured and t h e o r e t i c a l  f o r c e  i n t e n s i t y  components. 
The v a l u e s  of C CI and C a r e  c l o s e r  t o  t h e  expected range D M 
of  va lues .  However on ly  f ou r  t e s t s  were run .  As t h e  test number i n c r e a s e s  
t h e  r o o t  mean squa re  wave he igh t  and t r a n s v e r s e  motion p r e s e n t  i n  t h e  time 
s e r i e s  r eco rds  i n c r e a s e s .  This  may be  t h e  r ea son  why C i s  n ega t i v e  f o r  
M 

7 , 5  CONCLUSION 
The d a t a  p r e sen t ed  i n  t h i s  c h ap t e r  a r e  u s e f u l  i n  examing t h e  
accuracy and u se fu lnes s  of f o r c e  models modi f ied  from orris on's equa t i on .  
Most p rev ious  l a b o r a t o r y  i n v e s t i g a t i o n s  examing a p p l i c a b i l i t y  of  Morr ison 's  
equa t i on  and determining t he  f o r c e  c o e f f i c i e n t s  used t h e r e i n  have used 
exper imenta l  arrangements where t h e  f low p a s t  t h e  s t r u c t u r e  i n  ques t i on  
i s  a l i n e a r  type of  motion wi th  uniform v e l o c i t y  and a c c e l e r a t i o n  a long  
t h e  l e n g t h  of  t h e  s t r u c t u r e .  Th i s  type  of arrangement does n o t  s imu la t e  
t h e  t ypes  of flows found i n  most f r e e  s u r f a c e  f lows  i n  n a t u r e .  The 
c u r r e n t  i n v e s t i g a t i o n  by u t i l i z i n g  an expe r imen ta l  appara tus  a l lowing  
p r o g r e s s i v e  waves ob t a i n s  o r b i t a l  type  wate r  p a r t i c l e  motions w i t h  
e x p on e n t i a l  decay along t h e  l e ng t h  o f  t h e  cy l i nde r .  
The d a t a  p r e sen t ed  show t h a t  f o r  a s t a t i c  specimen s ub j e c t e d  t o  
p e r i o d i c  waves t h e  range of  va lue s  computed f o r  C and C a r e  w i t h i n  t h e  D I 
range of  va lues  computed dur ing  p rev ious  i n v e s t i g a t i o n s .  Values of C
D 

and C have a l s o  been p re sen t ed  f o r  a s t a t i c  specimen s ub j e c t e d  t oI 

i r r e g u l a r  waves. The va lues  of C C and C pre sen t ed  f o r  a dynamicD~ I M 
specimen sub j ec t ed  t o  bo th  p e r i o d i c  and i r r e g u l a r  waves do n o t  appear  t o  
be w e l l  c o r r e l a t e d  wi th  t h e i r  t h e o r e t i c a l  va lue s .  This  i s  perhaps due t o  
t h e  amount of t r a n sve r s e  motion p r e s e n t ,  A b e t t e r  e v a l u a t i on  of t h e  
f o r c e  model p r e sen t ed  i n  t h i s  r e p o r t  might be ob ta ined  by u s ing  a t e s t  
specimen t h a t  i s  f l e x i b l e  i n  t h e  i n l i n e  d i r ' e c t i on  bu t  s t a t i c  i n  t h e  
t r a n s v e r s e  d i r e c t i o n .  A t  any r a t e  t h e  amount of d a t a  p r e sen t ed  h e r e  is  
sma l l  and f u r t h e r  work needs t o  be done i n  o rde r  t o  c l a r i f y  t h e  observed 
phenomena. 
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Fo r ce  I n t e n s i t y  a t  z /d  = 0.75 f o r  T e s t  No. 75-28-D. 
= 2.36, CI = 2.18, CM = 1 . 1 7 ,  Non l i nea r  Model. 
Frequency, Hertz 
Figu re  7.4-5 	 Theo r e t i c a l  Power Spec t r a  f o r  T o t a l  Force I n t e n s i t y  
and Force I n t e n s i t y  Components a t  z /d  = 0.75 f o r  
t h e  Nonl inear  Model and Te s t  No. 75-28-D. 
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Frequency, Hertz 
Figure 7.4-6 	 Theore t i c a l  and Measured Power Spect ra  f o r  I n l i n e  
Force I n t e n s i t y  a t  z / d  = 0 .61  and T e s t  No. 75-28-D 
CD = 2 . 8 2 ,  CI = 1.84, CM = 1.33.  Nonlinear Model. 
Frequency , Hertz 
Figu re  7.4-7 	 Theoretical Power Spec t r a  f o r  T o t a l  Fo rce  I n t e n s i t y  
and Force I n t e n s i t y  Components a t  z /d  = 0 .61  f o r  
Nonlinear Model and Te s t  No. 75-28-D. 
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Table 6.2-1 Continued 
SlJKMARl~OF DATA FOR PERIODIC WAVE TESTS 8 N  STATIC SYSTEMS 
(Water Depth = 3.01 ft:. , Temperature = 60 F, Specimen No. I) 
Test d H- ~ o u r G rSeries Coefficients for  Gage Readings of 
No. 
gT2 gT2 
Coef . Lnline 
Reaction a t  
T3:ansverse 
Reaction a t  
I n l i n e  
Force a t  
In l ine  
Force a t  
Transverse 
Force a t  
South 
Wave Gage 
North 
Wave Gage 
z/d=1.38 ~:/d=1.38 z/d=O, 75 z/d=O. 61 z /d=0. 61 
(Grams) (Grams) (Grams) (Grams) (Grams) (ffA ( f t .  1 
75-19-S 0.0570 0.009 B1 -1-12.52 2.19 -5.62 -3.80 -0.24 -0.02 0.03 
B2 3.06 -1.09 0.08 0 ,03 -0.03 0 .0  0.0 
B3 2.39 0,09 -0.16 -0.03 -0.01 0.0 0.0 
B4 -2.04 -0.37 0.02 O90 -0,Ol 0.0 0.0 
Table 6,2-1 Continued 
1 
SUMMARY OF DATA FOR PERIODIC WAVE TESTS 2N STATIC SYSTEMS 
, , 
(Water Depth = 3 .01  f t . ,  Temperature = 60 F, Specimen No. 1 )  
I 
' 
$ 
I I * 
I 
I I 
T e s t  d H a Four ie r  S e r i e s  Coe f f i c i en t s  f o r  Gage Readings of 
No. Coef. I n l i n e  Transverse  I n l i n e  I n l i n e  Transverse South North 
gT2 gT2 Reaction a t  Reaction a t  Force a t  Force a t  Force a t  Wave Gage Wave Gage 
z/d=1.38 z/d=1.38 z/d=O. 75 z/d=O. 61 z/d=O. 61 
(Grams) (Grams) (Grams) (Grams) (Grams) ( f t  a 1 ( f t - >  
m w m  
0 d 0 0 0 0 0
. . . . 0 . . 
0 0 0 0 0 0 0  
I 
d - U m 2 r - O b N  
d r i r n N O 0  
. 0 . . m . 
C O O O O O O  
I I 1 
m w l - l  l-l l-l 
m o o 0 0 0 0  
0 0 . . . . D 
N O O O O O O  
I 1 I 
4 - * b r l b N  
O a ? l - l 0 0 0* . 
m e . . 
N O O O O O O  
I I I 
Table  6.2-1 Continued 
SUMMARY OF DATA FOR PERIODIC WAVE TESTS gN  STATIC SYSTEMS 
(Water Depth = 3 , 0 1  f t . , Temperature = 60 F ,  Specimen N o .  1 )  
T e s t  d H F ou r i e r  S e r i e s  C o e f f i c i e n t s  f o r  Gage Readings of  
No. Coef . I n l i n e  T ransve r se  I n l i n e  I n l i n e  T ransve r se  South  Nor th  
gT2 gT2 Reac t ion  a t  Reac t ion  a t  Force  a t  Force  a t  Fo rce  a t  Wave Gage Wave Gage 
z / d= l .  38 z / d= l .  38 z/d=O, 75 z/d=O. 61  z/d=O. 61  
(Grams ) (Grams) (Grams) ( G r a m s )  , (Grams) (ft.1 (ft-
75-31-S 0.,1189 .015 A0 6.80 -66.29 -2.04 1 .53  2.37 -0.02 -0.03 
Table .6.2-2 
SKEWNESS AND SLOSHING COEFFICIENTS FOR PERIOD1 C TESTS, 
T e s t  
No * S~ S~ 
Table 6-3-1 
COMPUTED WAVE PROPERTIES FOR TESTS OF 
IRREGULAR WAVES ON STATIC SYSTEMS 
RMS Values for  Horizontal Part ic le  
Test RMS Vert . D i s p  Veloci t v  Sa .  Vel. Accel. 
No. Wave Coord. 
A m .  z / d  
( f t .  > ( f t .  /set:.) (ft.2/sec. 2> ( f  t. /sec. ) 
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Table 6.4-1 Continued 
SUMMAELY OF DATA FOR. PERIODIC WAW TESTS ON DYNAMIC SYSTEMS 
(Water Depth = 3.01  f t . ,  Temperature = 600F, Specimen No, 1, I n l i n e  Na t u r a l  Frequency i n  A i r  
i s  0 ,85  cps and Damping Ra t i o  = 0.020, Transverse  Na t u r a l  Frequency i n  A i r  i s  0.84 cps and 
Damping Ra t io  = 0.013, I n l i n e  Na t u r a l  Frequency i n  Water i s  1,11cps and Damping 
Ra t i o  = 0.026, Transv~krse  Na t u r a l  Frequency i n  Water i s  1.11 cps and Damping Ra t io  = 0.014) 
Test Gen . Wave Length Fou r i e r  S e r i e s  Coe f f i c i e n t s  f o r  Gage Readings of 
No. Freq. Hgt. of Freq ,. Coef. I n l i n e  Transverse  I n l i n e  I n l i n e  Transverse  Averaged 
Record D i s p l @  D i s p l @  F o r c e@  Force@ F o r c e@  Wave 
z/d=0.75 z/d=0.75 2/d=0.75 z/d=0.61 z/d=0.61 Record 
( s ec .  -1 ( f t . )  ( see . )  (sec.--1) (ft ( f t . )  ( l b / f t . )  1 . ( l b / f t . )  ( f t .1a 
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T a b l e  6.4-1 Continued 
Tes t  
No. 
S'iBMARY OF DATA FOR PERIODIC WAVE TESTS ON D Y N M C  SYSTEMS 
0(Water Depth = 3.01 f t .  , Temperature = 60 F, Specimen No .  1, I n l i n e  Na tu ra l  Frequency i n  A i r  
i s  0.85 cps and Damping Ratio = 0.020, Transverse Na tu ra l  Frequency i n  A i r  i s  0.84 cps and 
Damping Rat io  = 0.013, I n l i n e  Na tu ra l  Frequency i n  Water i s  1.11 cps and Damping 
Ration = 0.026, Transverse Na tu ra l  Frequency i n  Water i s  1.11 cps and Damping Ratio = 0.014) 
-
Gen . Wave Length Four ier  Se r i e s  Coeff ic ien ts  for Gage Readings of 
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Table 6.5-1 
COMPUTED WAVE-STRUCTURE KINEMATI CAL QUANTITIES FOR 
TESTS OF IRREGULAR WAVES ON DYNAMIC SYSTEFIS 
RMS Values f o r  
Tes t  
No. Wave d f2  o 
V e r t  . 
Coord. Disp . 
Hor i zon t a l  P a r t i c l e  
Vel. Acc. 
-
Disp . 
Hor i zon t a l  R e l a t i v e  
V e l . Acc, Sq .  Vel. 
( f t )  ( f t )  ( f t / s e c )  ( f t / s e c 2 )  ( f t 2 / s e c 2 )  ( f t )  ( f t / s e c )  2 2 21 ( f t  /set 1 
f i  
0 
m 
*
u 
b 
7 
a, 
m o b 
- a m 
Table 7.4-1 
L I N E a R  FORCE MODEL COEFF I C I ENTS  FOR P ER I OD I C  
WAVES ON STATIC SYSTEM§ 
Test, 
N o .  
d 
g ~ 2  
H
-
g ~ 2  
-z N~ 
x1~-3 
fl .K C~ 
T a b l e  7 -4-2 
WONLIlSlEAR MODEL FORCE COEFFICIENTS FOR 
IRREGULAR WAVES ON STATIC SYSTEMS 
Te13 t 
No. 
0,076 
0-162 
0,076 PN 
Cn 

T a b l e  7.4-3 
NONLINEAR MODEL FORCE COEFF IC IENTS  FOR PERIODIC WAVES ON IYYNAMIC SYSTEMS 
- *  - *  = * *  ==** *** *** 
-
d H zT e s t  -d CD N~ N~ N~ I!l
No, gT2 gT2 R N~ N~ 
x1~ -3  1 c ~ ~ - 3  J<f2,x10-3 Dl 

Table 7.4-3 Continued 
NONLINEAR MODEL FORCE COEFFICIENTS FOR PERIODIC WAVES ON DYNAMIC SYSTEMS 
Table 7-4-4  
NONLINEAR MODEL FORCE COEFFICIENTS FOR 
IRREGULAR WAVES ON DYNAMIC SYSTEMS 
T e s t  
c u m ; ? :
I l l 
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APPENDIX A 
DYNAMOMETERS FOR FLUID  FORCE MEASUREMENTS 
A. 1 INTRODUCTION 
The time-dependent f o r c e s  a c t i n g  on a s t r u c t u r e  exposed t o  wa te r  
waves depend upon bo t h  t h e  motion of  t h e  s t r u c t u r e  and t h e  motion f l u i d  
p a r t i c l e s .  Small  dynamometers developed f o r  measuring t h e s e  f l u i d - s t r u c t u r e  
i n t e r a c t i o n  f o r c e s  i n  l a b o r a t o r y  exper iments  a r e  de sc r ibed  i n  t h i s  appendix.  
The gages developed measure t h e  time-dependent f o r c e s  a c t i n g  i n  two or thog-  
o n a l  d i r e c t i o n s  normal t o  t h e  l o n g i t u d i n a l  a x i s  of  a c y l i n d r i c a l  member. 
I n  p a r t i c u l a r ,  t hey  a r e  in tended  f o r  use  w i th  sma l l  d iameter  rods  neces sa ry  
i n  l a bo r a t o r y - s c a l e  exper iments .  
F igu re  A-1 i s  a photograph of one of t h e  dynamometers w i t h  one end 
i n s e r t e d  i n  a  p i p e  s e c t i o n .  F igure  A-2 i s  a schemat ic  drawing of t h e  gage 
i n s e r t e d  i n  a c i r c u l a r  p i p e  s e c t i o n .  The a c t i v e  element of t h e  gage i s  a 
l i gh twe i gh t  p l e x i g l a s s  d i s k  of  t h e  same d i ame te r  as t h e  p i p e  s e c t i o n .  The 
d i s k  is suppor ted  by a sma l l  s t e e l  b a r  r i g i d l y  a t t a c h e d  t o  one of  t h e  
suppor t  e lements  l a b e l e d  i n  Fig.  A-2(a). E l e c t r i c a l  s t r a i n  gages a r e  p l aced  
on t h e  f o u r  f a c e s  o f  t h e  s teel  b a r .  This  arrangement pe rmi t s  measuring two 
pe rpend icu l a r  components o f  t h e  t o t a l  f o r c e  a c t i n g  on t h e  p l a s t i c  d i s k .  
The suppor t  e lements  are designed t o  p rov ide  s t r u c t u r a l  i n t e g r i t y  t o  t h e  
gage a s  w e l l  as t o  prov ide  suppor t  f o r  t h e  a c t i v e  e lement .  I n  a dd i t i on ,  
t h e  suppor t  e lements  p rov ide  f o r  alignment of t h e  two p i e c e s  of p ipe  
connected t og e t h e r  by t h e  gage, 
A e 2  DmAPlOMETER DESIGN 
F igu re  A-3(a) and Fig.  A-3fb) a r e  reproduc t ions  of  shop drawings 
showing t h e  d e t a i l s  f o r  a dynamometer t o  b e  used i n  con junc t i on  w i th  a  
p ipe  s e c t i o n  1.9  i nches  i n  diamet er. The gage i s  manufactured i n  s i x  main 
p i e c e s  a s  shown on Fig.  A-3. P a r t s  "B" and "D" noted  i n  t h a t  f i g u r e  a r e  
s uppo r t  e lements .  P a r t  "c" i s  t h e  a c t i v e  element  and p a r t  "F" i s  t h e  s t r a i n  
beam, P a r t s  "A" and "E" a r e  end caps.  
The a c t i v e  element ( p a r t  "c"') i s  an a c r y l i c  p l a s t i c  r i g h t  c i r c u l a r  
c y l i n d e r  1 , 9  inches  i n  diameter  and 0,75 inches  t h i c k ,  This  d i s k  i s  f i rm ly  
mounted on a s t e e l  beam 0.125" x 0.125'' x 2.375" long ( p a r t  "F") , One end 
of t h e  beam is  f i x ed  t o  t he  a c t i v e  element by 4 set  screws. The o t h e r  end, 
which i s  designed t o  behave as a f i x ed  end, is  connected, i n  t h e  same way, 
t o  t h e  b r a s s  plug ( p a r t  "A"). S t r a i n  gages a r e  l o c a t ed  nea r  t h a t  end. Wave 
f o r c e s  w i l l  e x e r t  p r e s su re  on t h e  a c r y l i c  r i n g ,  caus ing  t h e  beam t o  bend, 
and t hu s  caus ing  an output  from t h e  s t r a i n  gages. 
The s t r a i n  gages used a r e  of two ' types :  EA-06-031-EC-120 and 
EA-06-031-DE-120, One of each was appl ied  t o  each s i d e  of t h e  beam, They 
were wi red  i n  two f u l l  b r idges  s o  t h a t  s t r a i n  r ead ings  could be  determined 
i n  two or thogonal  d i r e c t i o n s .  Both types  of gages had a r e s i s t a n c e  of 
120.0 ohms + 0.2%. The %C' type  gage has a gage f a c t o r  of 2.06 + l , 0%  a t  
750F, wh i l e  t he  7DE"tyge s t r a i n  gage has a gage factor of 2.08 + 0,5%. 
The s t r a i n  gages a r e  covered wi th  a  waterproof coa t ing  and wa te r  may e n t e r  
t h e  s m a l l  i n t e r i o r  hollow spaces i n  t h e  gage. The suppor t  e lements  and 
end caps a r e  designed t o  main ta in  t h e  wa t e r t i gh t  i n t e g r i t y  of t h e  ad j acen t  
p i p e  s e c t i on s .  
The suppor t  elements have an ou t s i d e  diameter  of 1 . 9  i n che s ,  t h e  
same as t h a t  of t he  cy l inde r .  At each end of t h e  gage, a .75 i n ch  l e ng t h  
was t u rned  down t o  a  diameter  of 1 . 5  i nches ,  t h e  i n s i d e  d iameter  of t h e  
p ipe .  A piece of the pipe can then be s l i pped  on t o  each end of t h e  force 
gage. S e t  screws a r e  used t o  keep t h e  gages i n  l i n e .  
Once t h e  f a b r i c a t i o n  of t h e  dynamometer was completed, i t  was 
t e s t e d  bo t h  i n  a i r  and i n  wa te r  t o  check i t s  l i n e a r i t y  and t o  s e e  i f  t h e  
s i g n a l s  were v e c t o r i a l l y  surnmable. The dynamometer was mounted on a test 
j i g  w i t h  t h e  a x i s  of t h e  dynamometer i n  t h e  v e r t i c a l  d i r e c t i o n ,  Forces  
were app l i ed  i n  t h e  h o r i z o n t a l  p l a n e  t o  t h e  a c t i v e  e lement .  The f o r c e s  
were app l i ed  a t  v a r i ou s  a ng l e s  w i t h  r e s p e c t  t o  t h e  p r i n c i p a l  a x i s  of t h  
measuring beam c r o s s  s e c t i o n ,  Rec a l l  t h a t  t h e  measuring beam ha s  a s 
c r o s s  s e c t i o n .  
The c a l i b r a t i o n  curves  f o r  t h e s e  tests a r e  shown i n  F ig .  A-4 
through A-7. Figure  A-4 shows t h e  r e s u l t s  when t h e  l o a d  i s  app l i e d  i n  
t h e  North-South d i r e c t i o n ,  i , e .  i n  t h e  p l ane  of one of  t h e  p r i n c i p a l  a x i s  
-. 
o f  t h e  measuring beam, S t r a i n  r ead ings  i n  t h e  or thogona l  gages f o r  t h i s  
c a s e ,  i .e .  i n  t h e  East-West d i r e c t i o n ,  were l e s s  t h an  1 . 0  micro-inch p e r  
i nch  when the  f o r c e s  i s  i n  t h e  North-South d i r e c t i o n  were up t o  at  l e a s t  
70 grams. F igu re  A-5 shows t h e  r e s u l t s  when t h e  f o r c e s  a r e  a pp l i e d  i n  t h e  
East-West d i r e c t i o n  only.  As i n  t h e  prev ious  c a s e ,  t h e  measured s t r a i n s  
i n  t h e  d i r e c t i o n  pe rpend icu l a r  t o  t h e  l oad  axis a r e  approximately zero ,  
F igure  L!.-Q and A-7 show t h e  r e s u l t s  when t h e  l oad  i s  app l i ed  a t  ang l e s  of 
30" and 45", r e s p e c t i v e l y ,  t o  t h e  No 
These c a l i b r a t i o n  curves  were p l o t t e d  under t h e  assumption t h a  
4 .  - - -
t h e  s t r a i n  v a r i e s  l i n e a r l y  w i t h  t h e  f o r c e  app l i ed .  The s t r a i g h t  l i n e  
shown is  t h e  l i n e  of  b e s t  f i t  through t h e  p o i n t s  p l o t t e d ,  Its s l o p e  was 
determined a s  fo l lows:  
\ t sFor each p o i n t ,  a  v a l u e  of  - and -were determined,  where \ & ks a r eFF~ s 
t h e  s t r a i n s  i n  t h e  North and South d i r e c t i o n s  r e spec t i ve ly ,  and F and FN s 
are t h e  components of  f o r c e  i n  t h e  North and South d i r e c t i o n s .  Then t h e  
s l o p e  was determined by t ak ing  
The e r r o r  f o r  each p o i n t  from t h e  l i n e  of b e s t  f i t  v a r i e d  from 0 t o  7%. 
For t he  c a l i b r a t i o n s  done a t  angles  of  30' and 45' from t h e  North 
d i r e c t i o n ,  i t  w a s  found t h a t  t he  ou tput  was v e c t o r i a l l y  summable up t o  an 
e r r o r  of about  7%m 
A.4  DATA CORRECTIONS 
During a  Laboratory test t h e r e  are f o r c e s ,  i n  a dd i t i on  t o  t h e  wave 
f o r c e s ,  t h a t  w i l l  a c t  on t h e  dynamometer, These f o r c e s  a r e  due t o  t he  in-  
clination of the cy l inde r  and the a c c e l e r a t i on  of the base of t h e  gage. 
I n  o r d e r  t o  measure accu ra t e ly  t h e  f o r c e s  due t o  t h e  waves a lone ,  
t h e s e  o t h e r  components of f o r c e  must b e  computed and s ub t r a c t ed  from t h e  
t o t a l .  f o r ce .  
As t h e  c y l i nde r  undergoes an angular  displacement ,  8, as shown 
i n  F ig .  A-8, t h e  component of t h e  weight of t h e  gage 's  a c t i v e  r i n g  normal 
t o  the rod will be  measured by the  dynamometer. Figure A-9 shows a ske t ch  
of t h e  a c t i v e  r i ng .  The f o r c e ,  Fl, due t o  the i n c l i n a t i o n  of t h e  rod ,  
can be determined by a s t a t i c a l  a n a l y s i s  of t h e  a c t i v e  r i ng .  The r e l a t i o n -  
s h i p  is  as fo l lows:  
where W = weight  of l u c i t e  r i n g  = 0.0738 l b sR 
Wb = weight  of s t e e l  beam = 0.0072 l b s  
L R =  d i s t a n c e  from c e n t r o i d  of  r i n g  t o  s t r a i n  gages  = 1 3/8" 
= d i s t a n c e  from c e n t r o i d  of beam t o  s t r a i n  gages = 1 3/4"b 
S u b s t i t u t i n g  t h e  above va lues  i n t o  Eq .  A-1 g i v e s :: 
F1 = 0.0818 s i n  8 where F i s  i n  pounds 1 

Fl = 3 7 . 1  s i n  8 where F i s  i n  grams 1 
Table  A-1 shows t h e  f o r c e s  produced due t o  some t y p i c a l  v a l u e s  of  8.  
Cor rec t ions  must a l s o  b e  made f o r  the f o r c e  due t o  t h e  acce le ra -  
t i o n  of t h e  ba se  of t h e  dynamometer, Assuming a s i n g l e  degree  of freedom 
system,  a s  shown i n  Fig.  A-l0,the equa t i on  of  motion w i l l  be  
where m = mass of l u c i t e  r i n g  $. l / 3  t h e  mass of t h e  s teel  beam 
c = damnFng c o e f f i c i e n t  

k = s t i f f n e s s  of steel beam 

x = disp lacement  of r i n g  

k = v e l o c i t y  o f  r i n g  

x = a c c e l e r a t i o n  of r i n g  

x = displacement  of  base  

0 
= v e l o c i t y  of ba se  
0 
= a c c e l e r a t i o n  of ba se  
0 

S u b s t i t u t i n g  u = x-x = r e l a t i v e  displacement  
0 
i n t o  Eq .  A-3 gives  
Accordingly, t h e  f o r c e ,  F2, i n  t h e  measuring beam r e s u l t i n g  from 
base  motion i s  as fo l lows  
where 
W 
2B /un 
t an  Cp = 3 
WI n  t h e  experiments u s ing  these  dynamometers, t h e  frequency r a t i o ,  -, w i l l  
W 
n 

be  of  t h e  o r d e r  of 1:1000, accord ingly ,  t he  s p r i n g  f o r c e  may be  c a l cu l a t ed  
That is  t h e  s p r i ng  f o r c e  is equa l  t o  t he  e f f e c t i v e  mass of  t h e  gage mu l t i  
p l i e d  by t h e  a c c e l e r a t i on  of  t h e  gage l e a s e  
Ll b  - s e cFor t h e  a c t i v e  r i n g ,  m = 0,000f 97 f t  
0. 000197wLyTherefore  F2 = 2 
Table A-1 shows some t y p i c a l  va lues  of f o r c e  f o r  varying va lues  of wave 
frequency and cy l i nde r  displacement amplitude. 
Once t h e s e  f o r c e s  F and F2 a r e  determined,  they  w i l l  be  s ub t r a c t ed1 

from t h e  t o t a l  f o r c e  ou tput  of t h e  dynamometer, l e av i ng  t h e  f o r c e  due t o  t h e  
waves alone. 
TABLE A-1 
TYPICAL VALUES OF STATIC FORCE CORRECTION, F1 
AND DYNAMTC FORCE CORRECTION, F2 
Displacement Displacement Wave frequency w=2?~f F1 F2
of  cy l inder ' s  of top* gage 8 £ 
t op  (inches) (inches) (radians) ( c P ~ >  (sec-I) (grams) (grams) 
*Top gage i s  28 inches above channel f loor .  
(a) General Arrangement of. Dynamometer 

s~rain gages 1 	 rigid connection 
support element I I

1 
 strain bar 

(b) Active Element and St ra in  Bar 
Fig A-2 Skematic Drawing of the Dynamometer 




Fig  A-5 Dynamometer Calibration Curve for Forces 
Applied in t h e  E-W Direc t ion  
Fig  A-6 Dynamometer Calibration Curve for Forces 
Applied at 30° from the N-S Direction 
F i g  A-7 Dynamometer Cal ibra t ion  Curve f o r  Forces 
Appl i ed  at 45' f rom the  N-S Direction 
F i g  A-8 Sketch of T e s t  Cy l i nde r  
F i g .  A-9 Sketch of Active Ring 
F i g  A-10 	 D e f i n i t i o n  Sketch f o r  S i n g l e -  
Degree-of Freedom System 
S u b j e c t e d  t o  Base D i s t u r b a n c e  
APPENDIX B 
DATA PROCESSING 
B.1 INTRODUCTION 
The experiments  conducted i n  t h e  course  of t h i s  i n v e s t i g a t i o n  re-
qu i r ed  measurements of wa t e r  s u r f a c e  e l e v a t i on ,  f o r c e s  a c t i n g  over  p a r t  of 
t h e  s t r u c t u r e ,  and s t r u c t u r a l  response.  These q u a n t i t i e s  a r e  measured a s  
f u n c t i o n s  of t i m e .  They a r e  recorded ,  a long w i t h  a pp rop r i a t e  c a l i b r a t i o n  
d a t a ,  on magnet ic  t a p e  i n  t h e  l a bo r a t o r y  c a l l e d  herein t h e  Labora tory  Tape. 
The d a t a  recorded  on t h e  Laboratory Tape c o n s t i t u t e s  t h e  analog r eco rd  of 
t h e  exper iment .  The d a t a  must b e  processed  t o  reduce t h e  time-dependent 
r eco rd  t o  f o r c e  c o e f f i c i e n t s ,  response q u a n t i t i e s ,  and wave d e s c r i p t i o n s  
accord ing  t o  c e r t a i n  d e f i n i t i o n s .  Th i s  Appendix d e s c r i b e s  t h e  method used 
t o  p roces s  t h e  wave, f o r c e  and s t r u c t u r a l  response d a t a  f o r  a n a l y s i s .  The 
d a t a  p roces s ing  system which i s  used t o  do t h i s  f a l l s  i n t o  f i v e  major  
s t e p s  a s  shown i n  F ig .  B . 1 .  The f i r s t  s t e p  i s  t h e  produc t ion  of t h e  Lab- 
o r a t o r y  Tape, i . e . ,  t h e  record ing  of d a t a  i n  analog form on magnet ic  t ape .  
The second s t e p  i s  t h e  convers ion of t h e  analog d a t a  t o  d i g i t a l  form. The 
t h i r d  s t e p  i s  t h e  r e con s t r u c t i on  of t h e  t ime record  i n  t h e  computer. The 
f o u r t h  s t e p  is  termed General ized Pou r i e r  Analys i s  and c o n s i s t s  of reducing 
t h e  l a bo r a t o r y  d a t a  i n t o  a  less voluminous and more conc ise  mathematical  
form by  conver t ing  t h e  d a t a  e i t h e r  t o  Fou r i e r  s e r i e s  c o e f f i c i e n t s  f o r  
p e r i o d i c  wave d a t a ,  o r  s p e c t r a l  d en s i t y  func t i ons  o r  o t h e r  a pp rop r i a t e  
Fou r i e r  r e p r e s en t a t i on s  f o r  nonper iod ic  wave da t a .  These two p a r t s  of t h e  
f o u r t h  s t e p  a r e  shown as IV-A and IV-B i n  Fig.  B.1. The f i f t h  s t e p  i s  
termed Coe f f i c i e n t  Analys i s  and i nc ludes  computation of d e s i r e d  c o e f f i c i e n t s  
o r  o t h e r  q u a n t i t i e s  from t h e  Fou r i e r  c o e f f i c i e n t s ,  power s p e c t r a l  d en s i t y  
f unc t i on s ,  o r  t h e  time record  i t s e l f .  
The fo l l owing  d i s cu s s i on  d e s c r i b e s  t h e  Labora tory  Tape, analog-
d i g i t a l  convers ion ,  computer programs used  t o  r e c o n s t r u c t  t h e  t i m e  r e co r d ,  
computer programs used t o  perform gene r a l i z ed  Fou r i e r  a n a l y s i s  ( o r  s p e c t r a l  
d e n s i t y  f unc t i on  a n a l y s i s ) ,  and computer programs used  t o  compute f o r c e  
c o e f f i c i e n t s  o r  o t h e r  q u a n t i t i e s .  
B. 2 LABORATORY TAPE 
This  s e c t i o n  d e s c r i b e s  t h e  d a t a  on t he  Labora tory  Tape and t h e  
s t e p s  used t o  rec-ord t he  d a t a .  E l e c t r i c a l  s i g n a l s  from t h e  gages shown i n  
F ig .  B.2 are recorded on a 1 4  channel  magnetic t a p e .  The r eco rd ing  of d a t a  
t akes  p l a c e  i n  two sequences.  F i r s t  i s  a c a l i b r a t i o n  sequence i n  which 
c a l i b r a t i o n  d a t a  f o r  each  gage i s  recorded .  Second i s  a t e s t  d a t a  
sequence i n  which wave d a t a  is  recorded .  
B.2.1 DATA DESCRIPTION 
Three types  of  d a t a  a r e  recorded  on t h e  Laboratory Tape; namely, 
f l u i d  s t r u c t u r e  i n t e r a c t i o n  f o r c e s ,  s t r u c t u r a l  response ,  and wa te r  s u r f a c e  
elevations. Data frorn f o r c e  dyna~ometers(see Fig. E . 2 )  used t o  measure 
f l u i d  s t r u c t u r e  i n t e r a c t i o n  f o r c e s  use  s i x  channels  of  t h e  t ape .  There 
a r e  t h r e e  dynamometers each measuring two pe rpend icu l a r  components of 
f o r c e .  One component i s  p a r a l l e l  t o  t h e  d i r e c t i o n  of  wave t r a v e l .  The 
o t h e r  i s  o r thogona l  t o  i t  ( s ee  F i g .  B. 3 ) ,  
The second type  of  d a t a  i s  s t r u c t u r a l  response d a t a  a s  measured 
by the ou t pu t  from a  s t r a i n  gage on a me t a l  b a r  a t  t h e  top of t h e  t e s t  
specimen ( s e e  F ig .  B . 2 )  . Force components i n  two or thogona l  d i r e c t i o n s  
( s e e  F i g .  B . 3 )  a r e  measured by t h i s  gage and recorded  on two channels  of 
t he  Labora tory  Tape. I n  dynamic t e s t s  t h i s  f o r c e  d a t a  w i l l  be  used t o  
produce d e f l e c t i o n  d a t a .  
The l a s t  type of d a t a  on t h e  Labora tory  Tape i s  t h e  s i g n a l  from 
two w i r e  r e s i s t a n c e  gages used t o  measure water  s u r f a c e  e l eva t i on s .  Two 
channels on the Laboratory Tape a r e  .used f o r  r eco rd ing  t h e s e  measurements 
b r i ng i ng  t h e  t o t a l  number of channels used t o  11. The a d d i t i o n a l  channel  
i s  used %s record  in format ion  such a s  the s t r o k e  and frequency of t h e  
wave g ene r a t o r ,  c a l i b r a t i o n  loads ,  e t c .  
B.2.2 R E C O I N G  OF CIBLICBWTION DATA 
Before wave d a t a  can be  recorded on t h e  Laboratory Tape c a l i b r a -  
t i o n  d a t a  must be  recorded f o r  each gage. Each component of each  gage is  
c a l i b r a t e d  i nd i v i dua l l y .  In  add i t i on ,  t h e  c a l i b r a t i o n  d a t a  f o r  a 
i n d i v i d u a l  .component need n o t  be  i n  a cont inuous sequence on t h e  Laboratory 
Tape. For example, suppose t he  East-West component, ( s e e  F ig .  B .3)  of t h e  
t h r e e  f o r c e  dynamometers; ( s ee  F ig .  B .  2) are recorded on channels  1, 2 ,  
and 3 of t he  Laboratory Tape, Ca l i b r a t i on  d a t a  f o r  t h e  West d i r e c t i o n  
could be  recorded f o r  Gage 1, Gage 2 ,  and Gage 3 ,  i n  t h a t  o rder .  
C a l i b r a t i o n  d a t a  f o r  the East d i r e c t i o n  could then be recorded on t h e  Lab-
o r a t o r y  Tape i n  the  same o rde r  o r  i n  any o t h e r  o r d e r  d e s i r ed ,  
A sample c a l i b r a t i o n  sequence f o r  an i n d i v i d u a l  gage component i n  
one d i r e c t i o n ,  i,e,, Gage 1 i n  t h e  Eas t  d i r e c t i o n  would be  a s  fo l l ows .  
F i r s t ,  the  e l e c t r i c a l  s i g n a l  w i t h  no l o ad  on t h e  gage would b z  recorded.  
E l e c t r i c a l  s i g n a l s  f o r  t h e  fol lowing loads  would then  be  recorded t o  
complete the c a l i b r a t i o n  i n  t h a t  d i r e c t i o n ;  10 grams, 20 grams, 30 grams. 
As  t h e  e l e c t r i c a l  s i g n a l s  are recorded t h e  corresponding loads  would be  
read on t o  t h e  vo ice  channel.  The same procedure would a l s o  be  fol lowed 
f o r  t h e  West, North and South d i r e c t i o n s  of t h e  gage, Note t h a t  t h e  Ea s t  
and West d i r e c t i o n s  make up one component of t h e  gage and t h e r e f o r e  
recorded on the  same channel of t h e  Laboratory Tape as i s  a l s o  t r u e  f o r  t h e  
North and South d i r e c t i on s .  
- - -  
-- -- 
-- -- 
U . 2 . 3  RECORDING OF WAVE DATA 
Wave d a t a  i s  recorded  i n  t h e  f o l l ow i ng  manner. The t es t  number i s  
r e ad  on t o  t h e  v o i c e  channe l .  I f  a p e r i o d i c  wave i s  b e i n g  r un  t h e  s t r o k e  
and f r equency  o f  t h e  wave g e n e r a t o r  a r e  a l s o  r e a d  i n .  The wave g e n e r a t o r  
i s  - t h e n - - s t a r t e d  up and t h e  e l e c t r i c a l  r e sponse  o f  t h e  gages  t o  t h e  wave 
r e c o r d ed  on t h e  Labo ra to ry  Tape. 
- - -."- --

-.-.- " . - "
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B .3 ANALOG-DIGITAL CONWKSION - .-
-..+ The n e x t  s t e p  i n  a n a l y z i n g  t h e  d a t a  i s  t o  g e t  i t  i n  a form 
a c c e s s a b l e  by-compute r ;  namely,  by  p roduc ing  a d i g i t a l  computer t a p e  copy 
of  the- Labo ra t o ry  Tape. Th i s  is  -done v i a  a p r o c e s s  h e r e a f t e r  r e f e r r e d  t o  
a s  D i g i t i z a t i o n .  D i g i t i z a t i o n  i s  t h e  conve r s i on  o f  e l e c t r i c a l  s i g n a l s  
from t h e  Labo ra to ry  Tape ( t h e  ana log  r e co rd )  t o  numbers on magne t i c  computer 
r e c o r d ) .  Two Spiras-65 e i g h t  k i l o b y t e  mini-computers 
t h e  D i g i t i z a t i o  ess. Th i s  s e c t i o n  d e s c r i b e s  t h e  
a n a l og  t o  d i g i t a l  conversion proces s  and t h e  arrangement of da ta  on t h e  
computer t a p e .  
F i r s t  t h e  Sp i ras -65  i s  programed t o  a c c ep t  e l e c t r o n i c  ana log  
i n p u t ,  sample  t h e  i n p u t  stream a t  a c o n s t a n t  r a t e  and o u t p u t  a d i g i t a l  
- a ...-
-
, - * - -
t h e  i n p u t  stream t o  a t a p e  f i l e .  The number t h a t  can 
-. 
e t a p e  f i l e  i s  65535 which is  t h e  maximum v a l u e  t h a t  can 
-16 

tes ( 2  -1). There  are no n e g a t i v e  s i g n s  a l lowed  i n  
t h e  o u t p u t  s t r e am  s o  a twovs complement sys tem is  u sed ,  i . e .  The v a l u e  
of +l would b e  s t o r e d  i n  t h e  computer as t h e  f i r s t  b i t  t u rned  on and 
a -
The v a l u e  of  -I would b e  s t o r e d  a s  t h e  
complement o f  1; t h e  f i r s t  b i t  o f f ,  t h e  l a s t  1 5  b i t s  on .  Th e r e f o r e  t h e  
.- - - " 
- - *  
-
maximum a l l owab l e  analog i npu t  i s  r e p r e s e n t e d  by 32768 on t h e  computer.  
The maximum v o l t a g e  f l u c t u a t i o n  on e ach  channe l  i s  t h e  i n p u t  t o  
t h e  program t h a t  p rov ide s  t h e  d a t a  n e c e s s a r y  t o  compute numbers from t h e  
-%. 
I f  t h e  maximum v o l t a g e  on a channel  of t h e  t a p e  i s  +V, t h e  

o u t p u t  values are computed i n  t h e  fo l lowing  manner. 

v o l t a g e  samples .  -
32768I-------- .v (B ,3-1)
v 
i f  t h e  v o l t a g e  sample i s  p o s i t i v e .  I f  n e g a t i v e , t h e  ou tpu t  v a l u e  i s  
32768 ev )
I = complement (- V 
where I is  t h e  ou tpu t  va lue  corresponding t o  a s p e c i f i c  sample v o l t a g e  v .  

A summarization of t h e  D i g i t i z a t i o n  p roces s  p l ac ing  a l l  e v e n t s  i n  

t h e i r  p rope r  sequence i s  as fo l l ows .  F i r s t ,  t h e  d i g i t i z a t i o n  program along 

w i t h  d a t a  f o r  t h e  maximum v o l t a g e  f l u c t u a t i o n s  and t h e  d e s i r e d  sample r a t e  

i s  i n p u t  t o  t h e  Spiras-65 minicomputer. The. c o n s i d e r a t i o n s  involved  i n  

choosing t h e  sample r a t e  a r e  t o  o b t a i n  enough p o i n t s  t o  b e  a b l e  t o  c a l c u l a t e  

-- --&-good- Eo-ur ie r . -appr~ximat ion  f o r  p e r i o d i c  wave d a t a  and- a-good spectrum f o r  
- - -- - -
i r r e g u l a r  wave da t a .  
S p e c i f i c  types  of d a t a  are p laced  i n  i n d i v i d u a l  t a p e  f i l e s ,  i . e .  
c a l i b r a t i o n  d a t a ,  p e r i o d i c  wave d a t a  and i r r e g u l a r  wave d a t a  a r e  each  p laced  

i n  a s e p a r a t e  f i l e .  So depending upon what type of d a t a  i s  be ing  d i g i t i z e d  

a new f i l e  i s  i n i t i a t e d  on t h e  t ape .  hJhen t h e  d i g i t i z a t i o n  of t h i s  d a t a  is  

completed, an end of f i l e  mark i s  p u t  on t he  t ape  and a new f i l e  i n i t i a t e d .  

The Labora tory  Tape is p layed  back and i n p u t  t o  t h e  computer 

and s imula taneous ly  d i sp l ayed  on a paper  c h a r t  making i t  p o s s i b l e  t o  view 

t h e  d a t a  a s  i t  is  i n p u t  i n t o  t h e  computer. When d a t a  i s  d i sp l ayed  t h a t  

is  t o  b e  saved f o r  a n a l y s i s  t h e  d i g i t i z a t i o n  process i s  a c t i v a t e d  by 

throwing a e l e c t r i c  sw i t ch  on t h e  computer. It i s  a l s o  p o s s i b l e  t o  p l a c e  

a s i g n a l  on t h e  Laboratory Tape on one of t h e  unused channels  t h a t  w i l l  

a u t o m a t i c a l l y  a c t i v a t e  t h e  d i g i t i z a t i o n ' p r o c e s s  whenever i t  i s  encountered 

as i t  is be ing  f e d  i n t o  t h e  Spiras-65 computer. 

- -  - 
- - 
I n  o rde r , t o  d i f f e r e n t i a t e  between i n d i v i d u a l  d a t a  s t r i n g s  w i t h i n  
a t a p e  ' f i l e .  The f i r s t  a c t  of t h e  computer upon i n i t i a t i o n  of t h e  d i g i t i z a -  
t i o n  p roces s  i s  t o  p l a c e  a header  . r e co rd  on t h e  t a p e ,  A Reader r eco rd  is  a 
r eco rd  780 h a l f  words i n  l e ng t h ,  The f i r s t  h a l f  of t h e  record  c on t a i n s  
i n f om a t i o n  r e f e r en c i ng  t o  t h e  d i g i t i z i n g  p r o c e s s ,  The l as t  390 v a l u e s  i n  
t h e  r e co r d  a r e  a l l - e q u a l  t o  I. This  i s  used t o  d i f f e r e n t i a t e  between heade r  
r e co r d s  and d a t a  r eco rds .  
analyzed on a LBM 360 computer. Because t h e  
S p i r a s  and IBM t a p e  formats  are n o t  compat ible  a copy of t h e  d i g i t i z e d  
computer t a p e  must b e  made on a Burroughs 6700 computer. At t h i s  t ime t h e '  
two's  complement system i s  changed t o  t h e  normal pos i t i ve -nega t i ve  number 
-
system f o r  e a s e  i n  handl ing  t h e  d a t a  on t h e  IBM 360. 
B ,  4 RECONSTRUCTION OF TIME RECORD 
- - -- - - - -
-This--sectkon--describessthe methods -used - - t o -d - - i n  da ta - - f rom-a- -- ----
t a p e  f i l e  d a t a  ba se  -and t o  r e c o n s t r u c t  t h e  t i m e  series from d a t a  i n  t h e  
t a p e  f i l e .  There a r e  b a s i c a l l y  two s t e p s  t o  t h i s  p rocess .  The f i r s t  i s  t o  
r e ad  and p roces s  the  c a l i b r a t i o n  d a t a  f i l e  computing c o e f f i c i e n t s  f o r  
equa t i ons  of t h e  form 
&-- - -. -
where A A are t h e  c o e f f i c i e n t s  to be c a l c u l a t e d ,  y i s  a c a l i b r a t i o n  load  
O '  n 
cor responding  t o  x, a number from t h e  d a t a  f i l e .  Coe f f i c i e n t s  f o r  Eq ,  5.4-1 
a r e  computed f o r  each  f n d i v i d u a l  d a t a  s t r i n g  i n  t h e  t a p e  f i l e  d a t a  base .  
The p roces s  o f  computing c o e f f i c i e n t s  f o r  t h e  c a l i b r a t i o n  curve equa t ions  
(Eq.  B.4-1) need  be completed on ly  once.  The c o e f f i c i e n t s  can then be saved 
saved and f e d  i n t o  t h e  program as c a r d  d a t a  whenever d a t a  r ep re sen t ed  by 
t hose  c a l i b r a t i o n  curves  i s  t o  b e  processed .  The second s t e p  i n  
r e c o n s t r u c t i n g  t h e  t i m e  series i s  t o  r ead  t h e  wave d a t a  f i l e  and apply  
Eq .  B.4-1 t o  t h e  d a t a  f i l e .  The r e s u l t  w i l l  b e  t h e  a c t u a l  t i m e  series a s  
r eco rded  i n  t h e  l a bo r a t o r y .  
The computer code t h a t  does s t e p  1 i s  p a r t  of a program package 
c a l l e d  P e r i o d i c  P roces se r  t h a t  a l s o  does s t e p  2 f o r  p e r i o d i c  wave d a t a .  
S t ep  2 f o r  random d a t a  i s  done by a program c a l l e d  Random Proces se r .  A l l  
c a l i b r a t i o n  d a t a  however must b e  ana lyzed  by t h e  c a l i b r a t i o n  d a t a  p r o c e s s e r  
i n  P e r i o d i c  P roces se r  r e g a r d l e s s  of  whether  t h e  tests fo l l owing  t h e  
c a l i b r a t i o n s  were p e r i o d i c  o r  random. The fo l lowing  w i l l  d i s cu s s  t h e  
c a l i b r a t i o n  d a t a  p a r t  of  P e r i o d i c  P r o c e s s e r  a s  though i t  were a s e p a r a t e  
e n t i t y .  Refer  t o  Table B.2a f o r  l i s t i n g  of P e r i o d i c  P roces se r .  
B.4 , 1  CALIBRATION DATA 
This  s e c t i o n  d e s c r i b e s  t h e  methods and computer code used t o  
c r e a t e  c a l i b r a t i o n  curve equa t i ons  from d a t a  i n  t h e  computer t a p e  c a l i b r a -  
t i o n  d a t a  t a p e  f i l e .  He r e a f t e r  t h e  d a t a  i n  t h e  t a p e  f i l e  s h a l l  b e  
r e f e r r e d  t o  a s  c a l i b r a t i o n  d a t a  and t h e  l oads  corresponding t o  t h a t  d a t a  
a s  c a l i b r a t i o n  l oads .  The c a l i b r a t i o n  equa t ions  a r e  formed us ing  a 
minimum squa r e  e r r o r  method. I n  o r d e r  t o  apply t h i s  method t h e  c a l i b r a t i o n  
d a t a  and c a l i b r a t i o n  l o ad s  must be  r ead  from t a p e  and card  d a t a  bases 
r e s p e c t i v e l y  and a r ranged  i n  two a r r a y s ,  t he  c o l um s  of which con t a in  
corresponding c a l i b r a t i o n  and d a t a  f o r  a p a r t i c u l a r  channel.  The computer 
program t h a t  performs a n a l y s i s  of c a l i b r a t i o n  d a t a  i s  p a r t  of  a package 
of programs c a l l e d  P e r i o d i c  P roces se r .  For a f low c h a r t  and t a b l e  of  i n pu t  
d a t a  r e f e r  t o  Fig.  B.4a and Table  B.la r e s p e c t i v e l y .  
The f i r s t  s t e p  i n  t h e  execu t ion  of t h i s  program a s  i n  any pro-  
gram i s  t o  r ead  i n  ca rd  d a t a  t h a t  c o n t r o l s  t he  execu t ion  of t h e  program. 
- - 
A l i s t  of t h e  i n p u t  v a r i a b l e s  i s  conta ined  i n  F ig .  B.4a. I n  a d d i t i o n  t o  
- - t h e  d a t a  f o r  t h e s e  v a r i a b l e s  s ub r ou t i n e  TSTDTA w i l l  r e ad  from t h e  c a r d  f i l e  
g ene r a l  t e s t  d a t a  ( s e e  s e c t i o n  B . 5 ) .  Th is  i n fo rma t ion  i s  no t  r e qu i r ed  f o r  
t h e  c a l i b r a t i o n  d a t a  a n a l y z e r  and may be r e p l a c ed  by e l even  b lank  ca rds  a t  
---- the beginn ing  of t h e  d a t a  deck, excep t  t h a t  t h e  f i f t h  of t he  b lank  ca rds  
"must c on t a i n  a T i n  columns 1-5,  A f t e r  each  i n p u t  v a r i a b l e  h a s  been r ead  
" 4 i n t o  t h e  program i t  i s  echo p r i n t e d .  
- The fo l l owing  d e s c r i b e s  d a t a  i n p u t  t o  P e r i o d i c  P roces se r  f o r  
c a l i b r a t i o n  d a t a  ana lyza t i on .  For  e a s e  of d e s c r i p t i o n  t h e  d a t a  w i l l  be 
- -  -
A d e s igna t ed  by t h e  program v a r i a b l e  i t  i s  t o  b e  i n p u t  t o .  See f i g u r e  B.4a 
f o r  a - d e s c r i p t i o n  of program v a r i a b l e  names. The d a t a  f o r  NBH, NCK and 
NDH i s  con t a ined  on one card .  The i n p u t  format  f o r  t h e  t h r e e  v a r i a b l e s  i s  
315, t h e r e f o r e  t h e  d a t a  f o r  t h e  3 v a r i a b l e s  must b e  conta ined  i n  t h e  f i r s t  
- - *  " 
15 spaces  of  t h e  d a t a  ca rd ,  The n e x t  v a r i a b l e s  t o  be  r ead  i n  a r e  NORD and 
LENGTH. Each i s  a v e c t o r  30 words long .  The i n p u t  fo rmat  i s  1015, 
Therefore  t h e  d a t a  i s  conta ined  on 3 ca rds ,  i n  t h e  f i r s t  50 spaces  on each  
caj=d, 
The n e x t  v a r i a b l e s  a r e  NDEG and NPT. They a r e  v e c t o r s  1 3  words 
long.  The i n p u t  format  i s  BI5. Each v a r i a b l e  r e q u i r e s  1 da t a  ca rd  w i t h  
t h e  d a t a  i n  t h e  f i r s t  65 spaces .  The n ex t  v a r i a b l e  r ead  i n  i s  BHEADS, a 
v e c t o r  40 words i n  l eng th .  The - input  format  i s  1015. The f i r s t  d a t a  
e lement  on t h e  f i r s t  c a rd  is  t h e  number of d a t a  e lements  t o  be  r ead  i n t o  
BHEADS, LCHD i s  t h e  n ex t  v a r i a b l e  t o  be read  i n ,  I t  i s  a v e c t o r  50 words 
long  and i s  r e ad  i n  under t h e  same format  a s  BEEADS. The next variables 
t o  be r ead  i n  a r e  RITE and GUF. They are n o t  r e qu i r ed  f o r  t h e  a n a l y s i s  
of c a l i b r a t i o n  d a t a .  One b l ank  ca rd  i s  used t o  r ead  i n  t h e s e  v a r i a b l e s .  
The n ex t  v a r i a b l e  t o  b e  r ead  i n  i s  NDOIT. The i n p u t  format  is  
I 5  and t h e  v a l u e  read  i n  f o r  MMIT must be  e q u a l  t o  1. The l a s t  v a r i a b l e  
t o  be  r ead  i n  i s  YDATA, a 20 x 13  a r r ay .  This  i s  read  i n  one column a t  a 
t i m e .  The f i r s t  e lement  of t h e  f i r s t  card i s  a I10  i n p u t  format ,  This  
i s  t h e  number of d a t a  elements t o  be  read  i n t o  t h e  column. The rest of 
t h e  f i r s t  c a rd  i s  formatted 6F10.3. The n e x t  two cards  i f  needed a r e  7F10,3. 
YDATA con ta in s  t he  c a l i b r a t i o n  loads  used t o  gene ra t e  t h e  c a l i -  
b r a t i o n  d a t a .  Note t h a t  t h e  columns of YDATA correspond t o  t h e  channels on 
the  ana log  t ape .  For example, t h e  f i r s t  column of YDATA would con ta in  t h e  
c a l i b r a t i o n  l oads  used t o  genera te  t h e  c a l i b r a t i o n  d a t a  on channel  1, 
This  s e c t i o n  desc r ibes  t h e  methods used t o  read c a l i b r a t i o n  d a t a  
from t h e  t ape  f i l e  and a r range  i t  i n  memory. Re fe r  t o  t h e  l i s t i n g  i n  
Table B.2a and t h e  f low cha r t  i n  Fig.  B.4a. The v a r i a b l e  INTAPE i s  t h e  
u n i t  number of t h e  t a p e  f i l e  t h a t  i s  analyzed.  INTAPE i s  i n i t i a l i z e d  t o  
2 a t  t h e  beginning o f  t h e  program and i s  l e f t  a t  t h a t  va lue  f o r  c a l i b r a t i o n  
d a t a  f i les.  Therefore  u n i t  2 must be  a s soc i a t ed  w i t h  t h e  t a p e  d a t a  f i l e  t o  
be ana lyzed  by whatever job c o n t r o l  language i s  c o n s i s t e n t  w i t h  t h e  
f a c i l i t y  i n  use.  
A f t e r  read ing  i n  the  card data as explained i n  the preceeding  
paragraphs t h e  program e n t e r s  a looping  s e c t i o n  wherein a b lock  of d a t a  i s  
r ead  from t h e  t ape  f i l e  and then  s t o r e d  o r  disposed of i n  t h e  app rop r i a t e  
manner. Another b lock  of d a t a  is  then  read  and s o  on. This  loop  i s  shown 
a s  Levels  2 through 6 on the  flow c h a r t  i n  F ig .  B.5a. The f i r s t  s t e p  i n  
t he  l oop  is t o  b r i ng  t h e  d a t a  b lock  i n t o  memory. This i s  done by read ing  
4 -a - ,  cLELe - 2.  DATA  i s  a v e c t o r  780 half words.-- -IVaLiab l eIDATA f ro=  u ~ f t
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long  which is  t h e  exac t  l e ng t h  of t h e  record  b locks  on t h e  t ape .  
The d a t a  i s  then  examined t o  determine i f  t h e  d a t a  b lock  i s  
a c t u a l l y  c a l i b r a t i o n  d a t a  o r  a header  ( d a t a  s t r i n g  s epa r a t o r ) .  This i s  
done by looking  a t  t h e  l a s t  10 elements i n  IDATA. I f  they a r e  a l l  equa l  
t o  1 then  t h e  d a t a  b lock  i s  a header .  
I f  t h e  d a t a  b lock  i s  a header  then  header  count  v a r i a b l e s  must 
be incremented. This  a c t i o n  i s  r ep re sen t ed  by box 3-C on t h e  flow c h a r t  
i n  F ig .  B.4a. There a r e  t h r e e  of t h e s e ;  NBHCT, t he  number of a l l  heade r s ;  
NCHCT, t h e  number o f  c a l i b r a t i o n  d a t a  headers  and NDHCT, t h e  number of 
wave d a t a  headers .  NBHCT is  incremented whenever any header  i s  encountered.  
NCHCT and NDHCT a r e  incremented only  when headers  p receed ing  c a l i b r a t i o n  
and wave d a t a  r e s p e c t i v e l y  are encountered,  ( i . e .  i f  a header  preceeding  a 
bad d a t a  s t r i n g  o r  e l e c t r i c a l  c a l i b r a t i o n  s t r i n g  i s  encountered then  NBHCT 
i s  incremented b u t  NCHCT and NDHCT a r e  no t ) .  Subrout ines  BADHED and ELECAL 
s o r t  ou t  bad d a t a  and e l e c t r i c a l  c a l i b r a t i o n  headers  r e s p e c t i v e l y .  Sub-
r o u t i n e  HCOUNT increments  header  count v a r i a b l e s ,  s e e  l i s t i n g  i n  Table  B.2a. 
Af t e r  incrementing t h e  header  count v a r i a b l e s  a dec i s ion  i s  made 
whether o r  n o t  t o  cont inue  read ing  d a t a  from t h e  t a p e  f i l e .  I f  NCHCT i s  
g r e a t e r  than  NCH ( a l l  c a l i b r a t i o n  d a t a  has  been read)  t h e  execut ion  of t h e  
program jumps ou t  of t h e  loop and t h e  c a l i b r a t i o n  c o e f f i c i e n t s  a r e  
c a l cu l a t ed .  This  w i l l  b e  d i s cus sed  i n  a l a t e r  s e c t i o n .  I f  NCHCT i s  l e s s  
thzn o r  equal L I L = ~ CA ~CUL I U LL-- of the loop  continues and mo t h e r  blockto NCE '1.-- -------*: 
o f  data i s  read  from the tape f i l e .  
The preceeding two paragraphs have discussed the  a c t i on s  taken 
i f  t h e  d a t a  block read  i n t o  t h e  computer i s  a header .  This  s e c t i o n  w i l l  
d i s cu s s  t h e  a c t i on s  taken  i f  t h e - d a t a  b lock  i s  a c t u a l  c a l i b r a t i o n  d a t a .  
The f i r s t  s t e p  a f t e r  determining t h a t  t h e  d a t a  block i s  no t  a header i s  t o  
determine i f  t h e  d a t a  i s  of any use .  That i s ,  i s  t h e  header  preceeding 
t h e  d a t a  a bad header  o r  an e l e c t r i c a l  c a l i b r a t i o n  d a t a .  I f  t h e  d a t a  is  
no t  "any good" then  i t  i s  d i sca rded  and ano the r  d a t a  b lock  i s  read i n  and 
s o  on u n t i l  t he  nex t  header  i n  t h e  t a p e  f i l e  i s  encountered.  The program 
can be  extended t o  p roces s  e l e c t r i c a l  c a l i b r a t i o n  d a t a  i f ' d e s i r e d .  
When the  da t a  i s  "good" i t  i s  passed t o  subrout ine  CALIB. CALIB 
comprises l e v e l s  4 ,  5, and 6 of t h e  flow cha r t  i n  Fig. B.4a. A l o g i c a l  
v a r i ab l e ,  INTCAL i s  checked every t i m e  t he  subrout ine  i s  c a l l ed .  When 
INTCAL is  t r u e  the  subroutine i n i t i a l i z e s .  IPaTCAL i s  t r u e  only t h e  first  
t i m e  t h e  subroutine i s  ca l l ed ,  The subroutine i n i t i a l i z e s  by s e t t i n g  NCT 
t o  1 and THP t o  zero. NCT i s  a count v a r i ab l e  f o r  t h e  number of ca l ib ra -
t i on  segments t h a t  have been examined. THP i s  the  sum of a l l  t h e  headers 
(data s t r i n g s )  i n  preceeding calibration segments. Two more variables are 
then set  
NACT = NORD(NCT) 
NCAL = LENGTH(NCT) 
NACT i s  the  channel on which t h e  cu r ren t  c a l i b r a t i on  segment i s  contained 
and NCAL i s  the  number of headers i n  t h e  segment. 
I f  INTCAL i s  f a l s e ,  a s  i t  usua l ly  i s ,  then i t  must be de temined  
i f  a new ca l i b r a t i on  segment has been reached. This i s  checked by 
comparing t h e  value of NMCT with (NCAZ, f THP). I f  NCHCT is  t h e  g r e a t e r  
of t h e  two then a new ca l i b r a t i on  segment has been reached and NCT i s  
incremented by 1 and THP i s  incremented by the  cu r ren t  value of NCAL, ITACT 
and N W  a r e  then r e s e t  f o r  t h e  new channel and new leng th  of t h e  ca l ibra-  
t i on  segment . 
Once NCAL and NACT a r e  s e t  t he  c a l i b r a t i on  da t a  i s  s t o r ed  i n  the  
fol lowing manner. Imagine t h a t  t h e  780 word da ta  block i s  a 60 x 13 
ar ray .  Then channel (column) NACT of t h e  ar ray  is  summed over i t s  60 
va lues  and divided by 60 t o  ge t  the  average value of t h e  c a l i b r a t i o n  da ta  
n e l  NACT i n  t h a t  p a r t i c u l a r  block. Remember t h a t  t h e r e  i s  more 
than one da ta  block i n  a d a t a  s t r i n g .  The average values of the  da ta  
blocks a r e  then summed, averaged, and s to red  i n  CDATA a s  each block i s  
read i n  -
- - 
CDATA(I ,NACT) = (CDATA(I ,NACT) (NCRB-1) + AVG) /NCRB (B  .4-4) 
where I = NCN(NACT) where NCN i s  a v e c t o r  of counters  f o r  t h e  number of 
c a l i b r a t i o n  po i n t s  processed i n  each channel ,  AVG i s  t h e  average va lue  of 
t h e  d a t a  block and NCRB is  a count of how many d a t a  blocks have processed 
f o r  a p a r t i c u l a r  c a l i b r a t i o n  po in t .  A t  t h i s  po i n t  c o n t r o l  pa s se s  t o  t h e  
main program and t h e  process  cont inues  u n t i l  a l l  c a l i b r a t i o n  d a t a  has been 
processed,  
When a i l  c a l i b r a t i o n  d a t a  has been read  from t h e  computer t ape  
t h e  CDATA a r r a y  w i l l  con t a in  t h e  average va lue  of t h e  d i g i t i z e d  output  f o r  
each c a l i b r a t i o n  loading  f o r  each gage ( i . e .  column 1would con t a i n  t h e  
averaged va lues  f o r  channel  1, e t c . ) .  YDATA w i l l  con t a in  t h e  va lues  of 
t h e  corresponding c a l i b r a t i o n  l oads  arranged i n  t h e  same manner. A l l  t h a t  
i s  left then i s  t o  c a l c u l a t e  t h e  polynomial c o e f f i c i e n t s  as  no ted  i n  
s e c t i o n  B . 4 . 1 .  This i s  done us ing  a l e a s t  squares  method of a n a l y s i s .  
B .4 .2  COMPUTATION OF CALIBRATION COEFFICIENTS 
Af t e r  a11  d a t a  h a s  been read  from t h e  t a p e  f i l e  sub rou t ine  CALEQ 
i s  c a l l e d .  CDATA and YDATA t h e  c a l i b r a t i o n  d a t a  and c a l i b r a t i o n  l oad  a r r ay s  
r e sp e c t i v e l y  a r e  passed t o  i t .  CALEQ i n  t u r n  pas se s  corresponding columns 
of CDATA and YDATA t o  subroutine.POLYCL which performs the  l e a s t  squares  
a n a l y s i s  and computes t h e  c a l i b r a t i o n  c o e f f i c i e n t s  f o r  t h e  d a t a  and loads 
passed t o  i t ,  These a c t i on s  a r e  contained i n  l e v e l  7 of t h e  f low cha r t  i n  
F ig .  B.4a. This s e c t i o n  w i l l  d e sc r ibe  the  l e a s t  square  e r r o r  method a s  
processed by sub rou t ine  POEYCL. See t h e  l i s t i n g  i n  Table  B e2a. 
Given a polynomial equa t ion  
and a set  of x ' s  and y ' s  which t h e  polynomial i s  t o  s a t i s f y  t h e  A 's can 
n 
be de te rmined  u s ing  t h e  l e a s t  squa re s  c r i t e r i o n ,  An example w i l l  b e  given 
de t e rmin ing  t h e  c o e f f i c i e n t s  f o r  a second degree  equa t ion  and then  
ex tended  t o  a g ene r a l  polynomial.  
The equa t i on  t o  be f om e d  i s  
where A2, A and A a r e  t o  be so lved  f o r  t o  s a t i s f y  a set of x ' s  and y 9 s .  1 0 
L e t  S t h e  sum of t h e  squa re  e r r o r s  b e  g iven  by 
where I = t h e  number of po i n t s  i n  t h e  sets x and y. The A ' s  can be  found 
by minimizing S. F i r s t  cons ider  t h e  change i n  S, 6s due t o  a change i n  
t h e  A ' s ,  d A  
s u b t r a c t i n g  B.4-6 from B.4-7 an express ion  f o r  <S is ob t a ined  
The l e a s t  squa re s  argument i s  t h i s ;  i f  S i s  a t  a minimum then  6s must be 
p o s i t i v e  f o r  any combinat ion of 6A's. The on ly  way this can b e  gua ran t eed  
i s  t o  s e t  t h e  c o e f f i c i e n t  of  6 A  t o  zero.  For  t h e  c a s e  of a second degree 
n 
polynomial t h e  fo l l owing  set of equa t ions  is formed. 
which can then  b e  so lved  f o r  A2 A19 and Ao. I n  t h e  more g e n e r a l  c a se  of a 
Nth degree Polynomial t h e  s o l u t i o n  system of equa t i ons  i s  g iven  by 
where N i s  t h e  degree  of  t h e  equa t i on  t o  be  formed. Note t h a t  the mat r ix  
i s  a N f l  by N+1. The equa t i ons  i n  t h i s  method may become i l l c o n d i t i o n e d  
f o r  va lue s  of N g r e a t e r  than  5. Subrout ine  POLYCL w i l l  n o t  ope ra t e  on a 
polynomial  g r e a t e r  than t h i r d  degree.  
When a l l  c a l i b r a t i o n  d a t a  has  been analyzed t h e  c a l i b r a t i o n  
c o e f f i c i e n t s  a r e  s t o r e d  i n  PCOEFF a 4 x 13  a r r a y .  The c a l i b r a t i o n  
c o e f f i c i e n t s  a r e  s t o r e d  column w i s e  wi th  each  column of  PCOEFF correspond-
i n g  t o  a channel  on t h e  ana log  t ape .  
At t h i s  p o i n t  t h e  a n a l y s i s  of t h e  c a l i b r a t i o n  d a t a  is  done and 
one of  two th ings  can happen. The program can s t a r t  ana lyz ing  wave d a t a  
o r  t e rm ina t e .  The program is te rmina ted  s imply by n o t  supply ing  t h e  
n e c e s s a r y  d a t a  ca rds  f o r  wave d a t a  p roces s ing .  The program w i l l  t r y  t o  
r ead  a ca rd  t h a t  i s n ' t  t h e r e  and subsequent ly  w i l l  t e rmina t e .  
B ,5 PERIODIC DATA ' 
Subrout ines  t h a t  r ead  i n  and p roces s  p e r i o d i c  wave d a t a  from a 
t a p e  f i l e  make up t h e  o t h e r  h a l f  of t he  program package P e r i o d i c  P roces se r .  
Card d a t a  and t a p e  d a t a  a r e  r ead  ' i n t o  t h e  program i n  a s im i l a r  manner as 
f o r  c a l i b r a t i o n  da t a .  However t h e  p roces s ing  of t he  d a t a  is r a d i c a l l y  
d i f f e r e n t .  
The i n p u t  d a t a  v a r i a b l e s  are shown i n  Table  B. l b .  The f i r s t  
v a r i a b l e s  t o  be read into the  program a r e  those which are r ead  i n  by sub-
r o u t i n e  TSTDTA, See l i s t i n g  in Table  B.2a. These v a r i a b l e s  con t a in  
g ene r a l  test d a t a  t h a t  i s  t o  be saved a long  w i t h  t h e  reduced form of t h e  
d a t a .  The fo l lowing  paragraph w i l l  e xp l a i n  t h e  i npu t  of  t h i s  da t a .  
The f i r s t  d a t a  ca rd  w i l l  con t a in  d a t a  f o r  t h e  fo l lowing  v a r i a b l e s ;  
WEIGHT, SWGTH, SDIA, SPCMAT, and NGAGES. See Table B e l b  f o r  a d e f i n i t i o n  
of t h e s e  v a r i a b l e s ,  The f i r s t  30 columns of  t h e  card  con t a in  3 va lues  i n  
3F10.3 format  f o r  t h e  f i r s t  3 v a r i a b l e s  above. The n e x t  8 columns con t a in  
d a t a  f o r  SPCMAT i n  2A4 format .  The n ex t  two columns a r e  b l ank  and then  t h e  
n e x t  5 colunans con t a in  d a t a  f o r  NGAGES i n  I 5  format ,  See i n p u t  example i n  
Table  B.3a. The second data card  i s  t h e  d a t a  f o r  GLOC a f o u r  word v e c t o r .  
The d a t a  must be i n  t h e  f i r s t  40 columns i n  4F10.3 format .  The t h i r d  d a t a  
ca rd  has  8 va lues  i n  815-format f o r  NGCHAN, a e i g h t  word v e c t o r .  The 
f o u r t h  d a t a  card  con ta in s  i npu t  d a t a  f o r  GG and RMI i n  t h e  f i r s t  20 spaces  
i n  2F10.3 format .  The f i f t h  card  con ta in s  a  T o r  L i n  t h e  f i r s t  5  columns 
of the card  f o r  t he  v a r i a b l e  STATIC. The s i x t h  d a t a  ca rd  w i l l  con t a in  d a t a  
f o r  GSHAPE, GMAT, GDIM, SLOC. The f i r s t  2 columns of t h e  card  con t a i n  d a t a  
f o r  GSHAPE i n  A4 format .  The i n p u t  must be one of t h e  fo l lowing  " RND", 
" Sf' ,  " REc". The n e x t  8 columns of  t h e  ca rd  con ta in  d a t a  f o r  GEIAT, a 
two wrod v e c t o r ,  i n  2A4 format .  The d a t a  f o r  GDIM a two word v e c t o r  and 
SLOC i s  i n  t he  nex t  15 columns i n  3F5.3 format .  The seventh  d a t a  ca rd  
con ta in s  d a t a  f o r  NSGCH, a two word v e c t o r ,  NWG, NWCH, a t h r e e  word v e c t o r ,  
and WGLOC, a t h r e e  word v e c t o r .  The d a t a  f o r  t h e  f i r s t  3  v a r i a b l e s  i n  t he  
f i r s t  30 columns of t h e  card  i n  615 format .  The d a t a  f o r  t h e  l a s t  v a r i a b l e  
i s  i n  t h e  nex t  30 columns i n  3F10.3 format .  I npu t  d a t a  f o r  TESTNO and DATE 
a r e  on t h e  e igh th  d a t a  card.  The d a t a  f o r  TESTNO is  conta ined  i n  t h e  
f i r s t  e i g h t  columns of the card i n  2A4 format .  The d a t a  f o r  DATE i s  i n  
t h e  n e x t  8 columns i n  t he  same format.  I f  f a l s e  va lue  i s  read i n  f o r  
STATIC then  the following varilhles are n o t  read i-tc the p r o g r a .  These 
v a r i a b l e s  a r e  IDYCHX, IDYCHY, and XNGWT. The d a t a  i s  i n  t he  f i r s t  20 
columns of t h e  card  i n  format (215, F10.3).  The n ex t  card  con ta in s  d a t a  
f o r  DEPTH, RANDOM and NTOTCH. The d a t a  i s  i n  t h e  f i r s t  20 columns of 
t h e  ca rd  i n  (F10.3, L5 , 15) format.  The nex t  d a t a  ca rd  conta ins  NTOTCH 
d a t a  e lements  (up t o  a  maximum of 13) f o r  NUSED i n  a 1315 format 
beginning i n  column 1 of t h e  d a t a  card.  There a r e  t h e  MTOTCH cards  
fo l lowing  conta in ing  d a t a  f o r  CHTAB a 6 x 1 3  a r r a y .  Each card  f i l l s  one 
row. The d a t a  i s  conta ined  i n  t h e  f i r s t  24 columns of t h e  card i n  6A4 
format .  
A f t e r  read ing  i n  gene ra l  test d a t a  program i n i t i a l i z a t i o n  d a t a  
i s  read  i n  a s  explained i n  sect ion B.  4.1 .  Only d i f f e r ence s  i n  t h e  i n p u t  
d a t a  w i l l  be no ted  he re .  NBH, NCH, and NDH are r ead  i n  on t h e  f i r s t  c a rd .  
I f  c a l i b r a t i o n  c o e f f i c i e n t s  a r e  t o  be read  i n t o  t h e  program i n s t e a d  of 
c a l c u l a t i n g  them p r i o r  t o  a n a l i z a t i o n  of  t h e  wave d a t a  then MCH must be  
zero .  Otherwise NCH is  t h e  number of c a l i b r a t i o n  headers  t o  be  examined. 
The n e x t  v a r i a b l e s  t o  be  read i n  a r e  WORD and LENGTH. They have no 
s i g n i f i c a n c e  i f  c a l i b r a t i o n  d a t a  i s  n o t  going t o  be  examined and t h e  d a t a  
ca rds  ( 6 )  can be blank.  WDEG and NPT a r e  n ex t .  NEG i s  read i n  e x a c t l y  
as i t  was f o r  c a l i b r a t i o n  da t a .  NPT i s  read  i n  t h e  same manner b u t  most 
only con t a i n  a nonzero number f o r  each d a t a  channel  on t h e  ana log  t a p e  
and a z e r o  f o r  each nondata  channel.  The n ex t  v a r i a b l e s  t o  be  read  i n  a r e  
BHEADS and LECHD. They a r e  handled t h e  same a s  f o r  c a l i b r a t i o n  da t a .  
GRAF and RITE a r e  then read  i n .  The ' d a t a  card  can be  a blank. These 
v a r i a b l e s  a r e  provided t o  a l low an op t ion  i n  t h e  type  of ou tput  t h e  pro- 
gram p rov ides ,  b u t  t h i s  op t ion  has n o t  been implemented, The n ex t  card  
con t a i n s  d a t a  f o r  NDOIT and NTDO. This  d a t a  i s  conta ined  i n  t h e  f i r s t  10  
columns i n  216 format ,  M D O I T  can take  t h e  va lue  of 1, 0,  -1, A va lue  of 
1means t h a t  a l l  wave tests a r e  t o  be processed .  A va lue  of 0 o r  -1 means 
t h a t  a exc lus ion  o r  i n c l u s i on  l i s t  r e s p e c t i v e l y  w i l l  be  read i n .  NTDO is  
t h e  number of i tems i n  t h e  l i s t .  
I f  STATIC i s  FALSE then  NDYDEG and DCAL a r e  r ead in ,  o therwise  
they  a r e  no t .  NDYDEG i s  contained i n  t h e  f i r s t  5 columns of t h e  d a t a  
card  w i t h  format 15. The d a t a  f o r  DCAL a 2 x 4 a r r a y  i s  contained on t h e  
n ex t  two d a t a  cards .  Each card con ta in s  va lues  f o r  one row of DCAL i n  
4315.6 format.  
The nex t  d a t a  t o  b e  read i n t o  t h e  computer i s  e i t h e r  PCOEFF o r  
YDATA, I f  NCH i s  z e r o  then PCOEFF a 13 x 4 a r r ay  i s  read in .  The d a t a  
i s  conta ined  on 13 ca rds ,  each card conta in ing  d a t a  f o r  one row of 
PCOEFF i n  4F15.6 format.  I f  NCH is no t  zero then YDATA i s  r ead in  a s  
exp l a i n ed  i n  s e c t i o n  B . 4 . 1 .  A f t e r  r ead ing  i n  ca rd  d a t a  t h e  program s t a r t s  
t o  r e ad  i n  d a t a  from t h e  t a p e  f i l e  and t hen  s t o r e  o r  p roces s  t h e  d a t a ,  
Data  b locks  from t h e  t a p e  f i l e  a r e  r ead  i n t o  IDATA a  780 h a l f  
word v e c t o r .  Note t h a t  INTAFE i s  e q u a l  t o  3 f o r  wave d a t a  t a p e  f i l e s  s o  
t h e  t a p e  f i l e  t o  be analyzed must be a s s o c i a t e d  w i th  u n i t  3 by t h e  JCL a t  
t h e  f a c i l i t y  i n  use .  See l i s t i n g  i n  Table  B.2b. The d a t a  b lock  i s  then  
examined t o  de te rmine  i f  i t  i s  a  header  a s  i n  s e c t i o n  B.4.1. I f  t h e  d a t a  
b lock  i s  a  header  t h e  header  count  v a r i a b l e s  a r e  incremented as i n  s e c t i o n  
B.  4 .1 .  I f  th- va l u e  of NDHCT i s  g r e a t e r  than  1 ( t h e  end of  t h e  [NCHCT-11 
d a t a  s t r i n g  has  been reached)  then  t h e  s t o r e d  d a t a  from t h e  t a p e  i s  
ana lyzed .  This  w i l l  be  d i s cus sed  i n  a l a t e r  s e c t i o n .  
I f  t h e  d a t a  b lock  i s  n o t  a  heade r  t hen  i t  i s  examined f o r  
"goodness" a s  exp l a ined  i n  s e c t i o n  B.4.1. I f  t h e  d a t a  i s  good i t  i s  passed 
t o  s ub rou t i n e  WAVED where i t  i s  s t o r e d  i n  IHOLD a  1000 x 1 3  a r r a y .  The 
columns of IHOLD correspond t o  t h e  channe ls  of t h e  analog t a p e  and t h e  two 
d e s i gna t i on s  w i l l  h e r e a f t e r  be  used i n t e r ch ang i b l y  . Af t e r  s t o r i n g  t h e  
d a t a  b lock  i n  IHOLD ano the r  d a t a  b lock  i s  read  from t h e  t ape  and s o  on 
u n t i l  IHOLD i s  f i l l e d  a s  i n d i c a t e d  by l e v e l  4  i n  F ig .  B.  4b. Then t h e  d a t a  
con ta ined  i n  IHOLD must be  processed  t o  make room f o r  t h e  r e s t  of t h e  
d a t a  s t r i n g .  Data i s  read  i n ,  s t o r e d  i n  IHOLD, and processed  u n t i l  a  
header  i s  reached.  Then t h e  remaining d a t a  i s  processed  and a l l  p rocessed  
d a t a  i s  averaged t o  produce an average  ove r  t h e  wave t r a i n .  
The f i r s t  s t e p  i n  p roces s ing  t h e  d a t a  i s  t o  check WLIST, i f  t he  
s t o r e d  d a t a  i s  n o t  t o  be processed  then the d a t a  i s  d i s ca rded  and t h e  nex t  
d a t a  b lock  i s  read  from the  t a p e  f i l e .  I f  t h e  d a t a  is t o  be processed  
then t h e  l o g i c a l  v a r i a b l e  WINIT is checked. WIN IT  i s  t r u e  i f  t h e  d a t a  i s  
t h e  f i r s t  ba t ch  of d a t a  i n  a d a t a  s t r i n g .  I f  WINIT i s  t r u e  then  t h e  
f requency of  t he  wave gene ra to r  and t h e  t e s t  run number f o r  t h e  t e s t  d a t a  
s t r i n g  are read  from card  da ta .  Also v a r i ab l e s  i n  subrout ine  WAVPRO a r e  
i n i t i a l i z e d .  WAVPRO i s  the  d a t a  p rocesse r ,  
The nex t  few paragraphs w i l l  descr ibe  the  methods and code used 
t o  reduce  t h e  wave d a t a  i n  subrout ine  WAVPRO. T h e  d a t a  i s  reduced by 
computing t h e  Four ier  c o e f f i c i e n t s  t o  descr ibe  t h e  d a t a  f o r  each wave and 
then averaging the  coe f f i c i en t s  t o  produce the  d e s c r i p t i on  of t h e  average 
wave i n  t h e  wave t r a i n .  
The f i r s t  s t e p  i n  reducing t h e  d a t a  i s  t o  r econs t ruc t  t h e  t i m e  
s e r i e s  r ep resen t ing  t h e  condit ions i n  the  wave tank a t  t h e  time t h e  d a t a  
was recorded.  The d a t a  i n  IHOLD is rep resen ta t ive  only of t h e  e l e c t r i c a l  
s i g n a l s  from which i t  was produced. The da t a  i n  IHOLD must be processed 
by the c a l i b r a t i o n  d a t a  t o  r econs t ruc t  t h e  a c t u a l  da ta .  This i s  done 
us ing  the c a l i b r a t i o n  coe f f i c i en t s  and on equat ion of t h e  form 
where A = c a l i b r a t i o n  c o e f f i c i e n t ,  x i s  a va lue  of IHOLD and y i s  a 
corresponding value of t h e  recons t ruc ted  time s e r i e s .  The r econs t ruc ted  
t i m e  s e r i e s  i s  s t o r ed  i n  RDATA a 1000 x 13 a r r ay  which i s  equivalenced 
with HHOLD. 
Ind iv idua l  waves a r e  determined by searching the  wave p r o f i l e  
record  f o r  c r e s t s  approximately t h e  period of t h e  wave genera tor  apa r t .  On 
t h e  f i r s t  pass  through t h e  wave record both t h e  leading  and ending c r e s t s  
of t h e  wave must be determined. On subsequent passes the  leading  c r e s t  
w i l l  be t h e  ending c r e s t  of t h e  preceding wave. The endpoints used t o  
determine t h e  period f o r  t he  wave record determine t h e  period f o r  a l l  o t h e r  
records  as w e l l .  This i s  done i n  subrout ine  WFIND.  
A f t e r  the  wave endpoints have been determined t h e  d a t a  from each 
channel contained wi th in  those endpoints is  passed t o  IBM Libra ry  Sub- 
r o u t i n e  FORIT. FORIT computes Fou r i e r  S e r i e s  Coe f f i c i e n t s  t o  d e s c r i b e  t h e  
d a t a  i n  each channe l  where t h e  s e r i e s  is  of t h e  form 
The t i m e  r eco rd  f o r  t h e  wave i s  p r i n t e d  ou t  a long  w i th  t h e  Fou r i e r  S e r i e s  
Co e f f i c i e n t s  d e s c r i b i ng  t h e  da t a .  The Fou r i e r  S e r i e s  Coe f f i c i e n t s  a r e  
then  s ume d  by t h e i r  r e s p e c t i v e  channe ls .  Then t h e  end of t h e  d a t a  s t r i n g  
i s  reduced t h e  s ume d  Four i e r  S e r i e s  Coe f f i c i e n t s  a r e  d iv ided  by t h e  
number of waves processed  t o  produce averaged Fou r i e r  S e r i e s  Co e f f i c i e n t s  
which are a l s o  p r i n t e d  ou t .  
B , 5 , 1  CORRE CTIOWS DUE TO DYNAMIC EFFECTS 
The measurements made by t h e  f o r c e  dynamometers dur ing  s t a t i c  
tests ( t h o s e  i n  which t h e  test  specimen was n o t  allowed t o  undergo any 
d i sp lacements )  a r e  t h e  r e s u l t  of f l u i d - s t r u c t u r e  i n t e r a t i o n  f o r c e s  and on ly  
t h e s e  f o r c e s .  I n  dynamic test however, t h e  displacement  of t h e  t e s t  s p e c i -  
men w i l l  cause t h e  f o r c e  measuring mechanism t o  produce f o r c e s  upon i t s e l f ,  
Refer  t o  appendix A.  The f o r c e s  due t o  f l u i d - s t r u c t u r e  i n t e r a t i o n  are 
taken by a  p l a s t i c  r i n g  t h e  s i z e  of t h e  test specimen. 
The p l a s t i c  r i n g  t hen  e x e r t s  a f o r c e  upon a  me t a l  b a r  w i t h  a 
f i x e d  b a s e ,  This  f o r c e  i s  measured by a s t r a i n  gage l o c a t ed  on t h e  me t a l  
b a r ,  When t h e  t e s t  specimen i s  i n  t h e  v e r t i c a l  p o s i t i o n  t h e  r i n g  has  no 
component of weight  a c t i n g  pe rpend icu l a r  t o  t h e  me ta l  ba r .  However, i n  
dynamic tests when t h e  t e s t  specimen and hence t h e  f o r c e  dynamometer t i l t  
due t o  wave f o r c e s  t h e  p l a s t i c  r i n g  w i l l  e x e r t  a sma l l  component of i t s  
weight i n  a d i r e c t i o n  pe rpend icu l a r  t o  t h e  b a r  which w i l l  t h en  b e  picked 
up by t h e  s t r a i n  gage. 
I n  a d d i t i o n  t o  t h e  weight  c o r r e c t i o n  of t h e  r i n g ,  t h e  i n e r t i a l  
f o r c e  of t h e  r i n g  must a l s o  be accounted f o r  a s  t h e  r i n g  a c c e l e r a t e s  back 
and f o r t h  due t o  t h e  a c t i o n  of t h e  waves. A l l  t o g e t h e r  t h e r e  a r e  t w o  
c o r r e c t i o n s  t h a t  must b e  made whenever a dynamic t e s t  i s  processed ;  1 a 
c o r r e c t i o n  f o r  t h e  weight  of t h e  r i n g  and, 2 a c o r r e c t i on  f o r  t h e  i n e r t i a l  
f o r c e  o f  t h e  r i ng ,  
The f i r s t  s t e p  i n  making t h e s e  c o r r e c t i on s  i s  t o  compute t h e  d i s -  
placement of t h e  top  of t h e  test specimen. This  i s  done by apply ing  a 
force-dispiacement  equatSon formed I n  t h e  same manner as i n  s e c t i o n  B . 4  and 
computing t h e  displacements  from t h e  f o r c e  d a t a  f o r  t h e  two component s t r a i n  
gage a t  t h e  t op  of t h e  specimen. This  p rov ides  t h e  displacements  i n  two 
components of d i r e c t i o n .  The component o f - r i n g  weight pe rpend icu l a r  t o  t h e  
me t a l  b a r  i s  
where W = t h e  weight of t h e  r i n g  and 9 = displacement  a t  top of test  spec i -
men/ length of  test specimen. F i s  t h e  q u a n t i t y  t h a t  must be  s ub t r a c t e d  
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from t h e  f o r c e  measurement F t o  account f o r  t h e  weight of t h e  r i ng .  This  
c o r r e c t i o n  i s  made i n  sub rou t ine  DNCRTN. 
The r i n g  weight  c o r r e c t i on  i s  made p o i n t  by po i n t  bu t  t h e  inertial 
f o r c e  c o r r e c t i o n  i s  made a t  t he  Fou r i e r  S e r i e s  Coe f f i c i e n t  l e v e l .  Once t h e  
Fou r i e r  S e r i e s  Coe f f i c i e n t s  have been computed f o r  t h e  displacements  t h e  
e qua t i on  d e s c r i b i ng  t h e  displacements  i s  
(B. 5-4)  
where d  = t h e  displacement  a t  t h e  t op  of t h e  s t i c k  and a = 2 ~ r / t h e  wave 
pe r iod ,  The a c c e l e r a t i o n  of t h e  t op  of t h e  s t i c k  a i s  
t 
Since t h e  f o r c e  dynamometers a r e  r e l a t i v e l y  s t i f f  ( n a t u r a l  ' frequency = 234 
cps) t h e  i n e r t i a l  fo rce  of the  r i n g  was computed a s  
(B.5-6 j 
where m = t h e  mass of t he  gage and 
where SG i s  the  d i s t ance  from the  bottom of the  t e s t  specimen t o  t h e  f o r c e  
dynamometer i n  ques t ion  and SL is  t h e  l eng th  of t h e  s t i c k .  F then i s  t h eI 

quan t i t y  t h a t  must be sub t r ac t ed  from the  fo rce  measurement t o  c o r r e c t  f o r  
t h e  i n e r t i a l  fo rce  of t h e  r i ng ,  S ince  t h e  i n e r t i a l  f o r c e  and t h e  f o r c e  
dynamometer measurements can a11 be  expressed i n  Four ier  Se r i e s  t h e  i n e r t i a 1  
co r r e c t i on  can be made by the  proper  s ub t r a c t i on  of c o e f f i c i e n t s  of l i k e  
terms. 
The cor rec ted  f o r c e  dynamometers Four ier  Se r i e s  Coef f i c i en t s  a r e  
then  given by 
-= 
where Af c , n  and Bf  c ,n  a r e  t h e  f o r c e  dynamometer Four ier  Se r i e s  Coef f i c i en t s  
a l r eady  correc ted  f o r  r i n g  weight ,  A and B a r e  t h e  displacement d  9n d9n 
Four i e r  Se r i e s  Coef f i c i en t s  and m 
r 
i s  t h e  mass of t h e  r ing .  This  co r rec t ion  
i s  made i n  subrout ine  INCOR. 
B.  6 RANDOM DATA 
This  s e c t i o n  d e s c r i b e s  t h e  computer program h e r e a f t e r  r e f e r r e d  t o  
a s  Randona P roces se r ,  The purpose of .  t h i s  program i s  t o  p roces s  random wave 
d a t a ,  Random wave d a t a  i s  processed  by computing s p e c t r a l  q u a n t i t i e s .  The 
s p e c t r a l  q u a n t i t i e s  involved  are power spectrum of a t i m e  s e r i e s  which can 
computed from t h e  formula 
where S i s  t h e  power spectrum of t h e  t i m e  series x ( t ) .  E [ . ]  i s  t h e  
XX 
expec ted  v a l u e  and F [ . ]  i s  t h e  f o u r i e r  t ransform.  The o t h e r  s p e c t r a l  
q u a n t i t y  t h a t  w i l l  b e  computed is  t h e  cross-spectrum between two t ime 
series where t h e  cross-spectrum S between s e r i e s  x ( t )  and y ( t )  i s  g iven  
XY 
where F [* ] and E 1.1 are as de f ined  b e f o r e ,  
The card d a t a  t o  be  r ead  i n t o  t h e  program is  much t h e  same a s  t h e  
ca rd  d a t a  f o r  p e r i o d i c  d a t a  i n  P e r i o d i c  P roces se r  w i th  one excep t ion .  
Therefore  i t  w i l l  n o t  b e  d i scussed  except  f o r  t h e  except ion .  NSPECO i s  a 
2 x 5 a r r ay .  There i s  a p o s s i b i l i t y  of us ing  6 ca rds  t o  r ead  i n  t h e  d a t a  
f o r  NSPECO, The f i r s t  ca rd  con t a in s  one element  i n  15  format ,  t h e  element 
con t a in ing  t h e  number ca rds  t o  be  r e ad i n  t o  f i l l  NSPECO. There  may be  a 
maximum of 5 cards  fo l lowing  t h e  f i r s t  each con t a in ing  two elements  i n  
215 format .  Each ca rd  would con t a in  t h e  v a l u e s  f o r  a column of NSPECO. 
The d a t a  i n  NSPECO de f i n e s  t h e  s p e c t r a  t h a t  are t o  b e  formed. I f  a 
column. of NSPEC con ta in s  two p o s i t i v e  nonzero va lues  t h e  c r o s s  s p e c t r a  
bebeen  these chmnels is formed, If the t ~ prnw of the column is non-
zero  p o s i t i v e  and t h e  bottom row is  zero then  t h e  power spectrum f o r  t h e  
named channel  i s  computed. I f  t h e  top row of t h e  column i s  z e r o  then 
t h a t  column marks t h e  end of t h e  l i s t  of s p e c t r a  t o  be  formed. See 
l i s t i n g  i n  Table B.2b and f low c h a r t  i n  F ig .  B.4c. 
A f t e r  read ing  card d a t a  and i n i t i a l i z i n g  the  program d a t a  i s  r ead  
i n t o  t he  program from t h e  t a p e  f i l e ,  The d a t a  i s  f i r s t  examined t o  s e e  
i f  i t  is  a header  ( s e e  s e c t i o n  Ba4 , 1 ) ,  I f  t h e  d a t a  i s  n o t  a  header  t h e r e  
i s  a check made t o  s e e  i f  i t  i s  any "good". In  a dd i t i on  f o r  t h e  cond i t i ons  
f o r  "goodness" as descr ibed  i n  s e c t i o n  B.4.1 t h e  d a t a  i s  a l s o  r e j e c t e d  i f  
IHOLD is  f u l l  o r  i f  t h e  d a t a  s t r i n g  i s  n o t  t o  be  processed a s  de f ined  by 
t h e  d a t a  i n  WLIST. I f  t h e  d a t a  i s  good i t  f a l l s  i n t o  a  branch t ype  
program s t r u c t u r e  where one of t h r e e  branches i s  taken.  These a r e  repre-
s en t ed  by l e v e l s  4 ,  5 ,  and 6 on t h e  flow c h a r t  i n  F ig ,  B.4c. 
-
I f  t h e  d a t a  block i s  t h e  f i r s t  i n  a d a t a  s t r i n g  ( t h e  f i r s t  d a t a  
b lock  a f t e r  a  header)  then a check is  made a g a i n s t  WLIST t o  s e e  i f  t h e  
d a t a  s t r i n g  i s  t o  be  processed,  I f  t h e  s t r i n g  i s  n o t  t o  be  processed  a 
v a r i a b l e  i s  s e t  t h a t  w i l l  d e f i n e  t h e  r e s t  of t h e  d a t a  b locks  i n  t h e  d a t a  
strinao as no "good". I f  t h e  data s t r i n g  is t o  be processed then t h e  
average of t h e  wave p r o f i l e  channel  i s  computed, This  wil l .  be  t h e  va lue  
of t h e  t a p e  d a t a  f o r  t h e  s t i l l  water  s u r f a c e .  The nex t  b lock  of d a t a  i s  
then r ead in .  
S ince  t h i s  block of d a t a  i s  n o t  t h e  f i r s t  i n  t h e  d a t a  s t r i n g  
t h e  second branch w i l l  be t aken  which i s  shown a s  l e v e l  5 on t h e  f low 
c h a r t  i n  F ig .  B.4c. This branch sea rches  t h e  d a t a  blocks f o r  t h e  
beginning of t h e  wave t r a i n  which i s  de f ined  by search ing  f o r  va lues  of 
t h e  wave p r o f i l e  g r e a t e r  than t h e  ze ro  average. The program w i l l  cont inue 
t o  r e ad  d a t a  b locks  and t ake  t h i s  branch u n t i l  t h e  start  of  t h e  wave t r a i n  
i s  found. The program w i l l  then read  d a t a  b locks  and t a k e  t h e  t h i r d  branch. 
The t h i r d  branch s t o r e s  t h e  d a t a  b locks  i n  IHOLD, Th i s  cont inues  
u n t i l  IHOLD i s  f u l l ,  A v a r i a b l e  i s  then se t  t h a t  w i l l  d e f i n e  t h e  fo l lowing  
d a t a  as no "good". Data w i l l  then  be r e j e c t e d  u n t i l  a header  Is encounter-
ed ,  a t  which p o i n t  t he  d a t a  contained i n  IHOLD w i l l  b e  processed .  
Random wave d a t a  i s  processed  by sub rou t ine  RANPRO, F i r s t  t h e  
t i m e  series a r e  r econs t ruc t ed  u s ing  t h e  s a e  technique as for p e r i o d i c  data,  
s e e  s e c t i o n  B , 5 .  The time s e r i e s  a r e  p r i n t e d  o u t  and then  t h e  s p e c t r a l  
q u a n t i t i e s  a r e  computed. Before computing s p e c t r a  t he  time series d a t a  i s  
punched onto  cards .  These a r e  used as i npu t  f o r  program TIMEDO. This  
program computes f o r c e  c o e f f i c i e n t s  us ing  time domain averaging.  The 
columns of RBATA con ta in ing  t h e  d a t a  f o r  which t h e  c r o s s  o r  power s p e c t r a  
a r e  t o  be formed are passed t o  IMSL l i b r a r y  sub rou t ine  FIFFT1. This  
s ub rou t i n e  u s e s  f a s t  Fou r i e r  techniques t o  compute both c r o s s  and power 
s p e c t r a .  The computed s p e c t r a  are then p r i n t e d  o u t  and v a r i a b l e s  a r e  
r e i n i t i a l i z e d ,  The nex t  block of  d a t a  i s  then read  i n .  
B.6.1 DYNAMIC CORRECTIONS 
Due t o  t he  movement of t h e  t e s t  specimen during dynamic tests 
a d d i t i o n a l  f o r c e s  a p a r t  from f l u i d  i n t e r a c t i o n  f o r c e s  are measured by t h e  
f o r c e  dynamometers. These a r e  due t o  weight and i n e r t i a  f o r c e  of t h e  
p l a s t i c  r i n g  a s  expla ined  i n  s e c t i o n  B . 5 , l .  
The co r r e c t i on  f o r  t he  weight of t h e  r i n g  i s  t h e  same a s  f o r  
p e r i o d i c  wave d a t a  and i s  done po i n t  by po in t .  The co r r e c t i on  f o r  t h e  
i n e r t i a l  f o r c e  of t h e  r i n g  however, i s  done a t  t h e  spectrum l e v e l ,  The 
co r r e c t i on  i s  made i n  t h e  same manner a s  i n  s e c t i o n  B . 5 . 1  b u t  t h e  
equa t ions  used a r e  d i f f e r e n t ,  
The f o r c e  measured by t h e  dynamometers can b e  r e p r e s e n t e d  by 
where F is  the f o r c e  measured by the dynamometers, FL == t h e  f l u i d  i n t e r -  M 

a c t i o n  f o r c e ,  W = t h e  component of  t h e  weight  of t h e  p l a s t i c  r i n g  heaving 

a g a i n s t  t h e  f o r c e  measuring mechanism and I = t h e  i n e r t i a l  f o r c e  of t h e  

r i n g .  

A f t e r  t h e  p o i n t  by p o i n t  c o r r e c t i o n  For t h e  weight  o f  t h e  r i n g  

t h e  f o r c e  system can b e  r ep re sen t ed  by 

F - W = F C = F L + I  
111 (B.6-2) 
where FC = t h e  measured f o r c e  c o r r e c t e d  f o r  t h e  weight  o f  t h e  r i n g .  
A t  t h i s  p o i n t  form t h e  cross-spectrum of Eq.  B.6-2 w i t h  another  
t i m e  r e co rd ,  s ay  Y 
Then i n  o r d e r  t o  g e t  t he  d e s i r e d  q u a n t i t y  S 
l?-L ,y 
To form ST s ta r t  w i th  t h e  i n e r t i a 1  f o r c e  equa t i on  
* 9  
1 == -& 
* - (B.6-5) 
where rn i s  t h e  mass of  t h e  p l a s t i c  r i n g  and x i s  t h e  displacement .  Then 
£ o m  t h e  cross-spectrum w i t h  Y 
where f2 i s  t h e  f requency ,  
B . 7  COMPUTING COEFFICIENTS FROM TIME AVERAGED DATA 

This  s e c t i o n  d e s c r i b e s  t h e  computer programs used t o  compute 
f o r c e  c o e f f i c i e n t s  from wave, f o r c e ,  and specimen displacement  d a t a  g iven  
i n  t ime series form. There  are t h r e e  s e p a r a t e  d a t a  cases  t o  b e  handled.  
One is  d a t a  from a s t a t i c  specimen i n  a random s e a .  The o t h e r  two ca se s  
a r e  d a t a  from a dynamic specimen i n  p e r i o d i c  and random seas. (Data 
from a s t a t i c  specimen i n  a p e r i o d i c  s e a  h a s  been analyzed by a s p e c t r a l  
method. See chap t e r  3 . )  The computer programs used t o  ana lyze  t h e  
above d a t a  fo l l ow  t h e  same b a s i c  p a t t e r n  f o r  a l l  ca se s .  Therefore  t h e  
program t o  compute f o r c e  c o e f f i c i e n t s  from d a t a  g iven  by a dynamic 
specimen i n  a random s e a  w i l l  be  descr ibed  i n  d e t a i l .  Changes and modif i -  
c a t i o n s  w i l l  be  no t ed  f o r  o t h e r  d a t a  cases .  . 
B.7.1 DYNAMIC SPECIMEN-RANDOM WAVES 
There are two v e r s i o n s  of t h i s  program. One computes f o r c e  
c o e f f i c i e n t s  accord ing  t o  t h e  n o n l i n e a r  d e f i n i t i o n  given i n  s e c t i o n  4.1. 
The o t h e r  computes f o r c e  c o e f f i c i e n t s  accord ing  t o  t h e  l i n e a r i z e d  v e r s i o n  
of the f o r c e  equa t i on  g iven  i n  s e c t i o n  4.4. A s  t h e r e  a r e  no o t h e r  
d i f f e r e n c e s  i n  t h e  programs, t h e r e  w i l l  be no f u r t h e r  d i f f e r e n t i a t i o n  
between them made. Refer  t o  Table B.2c f o r  a l i s t i n g  of t h e  program. 
B .7.2 DATA INPUT 
The f i r s t  s t e p  a s  always i s  t o  r ead  a l l  i npu t  d a t a  i n t o  t h e  
program. The i n p u t  d a t a  c o n s i s t s  of va lue s  de sc r ib ing  t h e  t ime s e r i e s  
t h a t  a r e  t o  be  analyzed 'and t h e  time s e r i e s  themselves.  The former set 
of d a t a  i s  i n p u t  i n  f r e e  form format  bu t  must be i n  t h e  fo l lowing  o rde r ;  
. 16-sec"d iameter  of specimen i n  f t. , l e n g t h  of  gage i n  f  t,., mass of gage i n  f t ,' 
l e n g t h  of specimen i n  f t . ,  p e r iod  a t  which peak i n t e n s i t y  of wave spectrum 
occu r s ,  l o c a t i o n  of top  f o r c e  dynamometer, middle  f o r c e  dynamometer, s t i l l  
water  dep th  a l l  f t . ,  t i m e  between p o i n t s ,  t h e  number 
p o i n t s ,  and t h e  number of p o i n t s  t o  be p r i n t e d ,  
The i n p u t  t i m e  s e r i e s  a r e  r ead  i n  u s ing  a 5314.7 format  5 v a l v e s  
t o  a ca rd .  The f i r s t  two t i m e  series a r e  t h e  wave p r o f i l e s  from two wave 
probes  i n  u n i t s  of ft, They a r e  averaged and s t o r e d  i n  one v e c t o r .  Force  . 
measurements from t h e  middle  and t op  f o r c e  dynamometers (gm.) are r ead  i n  
r e s p e c t i v e l y  fol lowed by t h e  t i m e  series d a t a  f o r  specimen d i sp lacement  
(cm.) . 
Data ' r e p r e s en t i ng  power and c r o s s  s p e c t r a l  d e n s i t y  f unc t i on s ,  
computed from t h e  i n p u t  t i m e  s e r i e s ,  a r e  t h e  l as t  b a t ch  of d a t a  t o  b e  
i n p u t  t o  t h e  computer, These are i n p u t  u s i ng  t h e  same format  as f o r  t h e  
time series d a t a ,  The fo l lowing  s p e c t r a  a r e  r e ad  i n t o  t h e  program; t h e  
power spectrum of p a t h  wave p r o f i l e  r eco rds  and t h e  cross-spectrum between 
t h e  two, t h e  spectrum of  t h e  i n l i n e  and c r o s s  channel  displacement  r eco rds  
and t h e  c r o s s  spectrum between t h e  two. 
The completion of i n p u t t f n g  t h e  above d a t a  i n i a t e s  an echo 
,,f."t m n r r r . d  ' r t r 4 r .  - . . -4 - t r .  n * * t  r r 7 1  r lotrr  as r e ad  i n ,  Data ma l y s i s  thenpL l l LL  LVuILUQL+u. 11113 Y I I L L C 3  VuL  UQLa 
begins .  
B.7.3 DATA ANALYSIS 
The o b j e c t  of t he  d a t a  a n a l y s i s  i s  t o  compute t h e  t i m e  averages  
shown i n  Eqs, 4.1-4 o r  4.4-3 and s o l v e  f o r  t h e  unknown f o r c e  c o e f f i c i e n t s .  
Thus t h e  g r ope r  time series i n  t h e  a pp rop r i a t e  u n i t s  must b e  de r ived  from 
t h e  i n p u t  t i m e  series. This  be ing  done t h e  a n a l y s i s  can proceed a s  
ou t l i n ed .  
As p rev ious ly  mentioned f o r c e  measurements a r e  i n  units of 
grams and specimen displacements  a r e  i n  u n i t s  o f  displacements .  These a r e  
conve r t ed  by mu l t i p ly ing  by t h e  a pp rop r i a t e  convers ion f a c t o r s  t o  l b s .  and 
f t .  r e s p e c t i v e l y .  Then the common u n i t s  which w i l l  remain i n  e f f e c t  
throughout t h e  remainder of t h i s  d i s cu s s i on  a r e ,  l eng th - f ee t ,  f o r c e - l b s . ,  
time-seconds . 
The f o r c e  measurements which a r e  t o  b e  analyzed f o r  v a l u e s  of  
c C and 2 t he  i n e r t i a ,  drag m d  added mass coefficients r e s p e c t i v e l y ,
1' D9 MJ 

a r e  taken  a t  dep ths  of 1 .83  f t .  and 2.21 f t .  Ce r t a i n  k i n ema t i c a l  
q u a n t i t i e s ,  d e s c r i p t i v e  of  t h e  wa te r  p a r t i c l e  and specimen motion a t  t h e  
dep th  from which t h e  f o r c e  measurements under  cons ide ra t i on  came from, 
must be de r ived  from t h e  i n p u t  da t a .  Consequently,  one f o r c e  t i m e  s e r i e s  
i s  cons ide red  a t  a t i m e .  The r equ i r ed  time s e r i e s  are' computed a s  
d e s c r i b ed  i n  t h e  fo l l owing  paragraphs and CI, CD, and CM computed. The 
proces s  i s  then  completed f o r  t h e  second s e t  of f o r c e  measurements a t  t h e  
second depth.  
The r equ i r ed  t ime series which must be  produced from t h e  i n p u t  
t i m e  s e r i e s  a r e  t h e  wa te r  p a r t i c l e  displacement ,  v e l o c i t y  and a c c e l e r a t i o n ,  
These are computed from the  wave p r o f i l e  t i m e  s e r i e s  by forming t h e  Fou r i e r  
t r ans fo rm of t h e  wave p r o f i l e  and t hen  forming t h e  exp re s s ions  i n  4.2-2, 
4.2-3, 4.2-4. By t a k i ng  t h e  i nv e r s e  Fou r i e r  t rans forms  t h e  t i m e  series 
r ep r e s en t i ng  t h e  wave k inema t i ca l  q u a n t i t i e s  a r e  a r r i v e d  a t .  The 
d i sp lacement ,  v e l o c i t y  and a c c e l e r a t i o n  of t h e  f o r c e  dynamometer i n  
que s t i on  i s  a l s o  needed. These are de r ived  from t h e  t i m e  series measure-
ments o f  displacement  a t  t h e  top  of the test specimen. The d i sp lacement  
of t h e  gage is computed using s im i l a r  t r i a n g l e s .  The v e l o c i t y  and 
a c c e l e r a t i o n  a r e  computed u s ing  5 t h  o r d e r  f i n i t e  d i f f e r e n c e  equa t i ons .  
- - 
The r e l a t i v e '  motion o f  t h e  water  p a r t i c l e s  w i th  r e s p e c t  t o  t h e  
f o r c e  dynamometer motion a r e  t h e  l a s t  displacement  q u a n t i t i e s  r equ i r ed .  
They a r e  computed by forming the  d i f f e r e n c e  between the  app rop r i a t e  d i s -  
placement ,  v e l o c i t y  and a c c e l e r a t i on  q u a n t i t i e s ,  
It should  be noted h e r e  t h a t  no t  a l l  dynamic co r r e c t i on s  as 
desc r ibed  i n  s e c t i o n s  B .  5 . 1  and B.  6 .1-  have been made. The weight 
c o r r e c t i on  f o r  t he  app l i ed  f o r c e  caused by t h e  weight of t h e  p l e x i g l a s s  
---- is made before  the  inpu t  d a t a  is  " -L L L ~ ~  from t h e  tape  f i l e ,  b u t  
t h e  c o r r e c t i o n  f o r  i n e r t i a  f o r c e s  must be-made- i n  t h e  program under 
p r e s e n t  cons ide ra t i on ,  Rearranging Eq. B,6-2 
~ = F c - I  
where FL = f l u i d  i n t e r a c t i o n  f o r c e ,  FC = measured f o r c e  w i th  weight  
c o r r e c t i on  and I = i n e r t i a l  f o r c e  of f o r c e  dynamometer. The i n e r t i a  f o r c e  
. 
i s  g iven  by 
I = - XIe 
" - - - - *  
where m_ ~f rf-g =TC! 2 = J I C C P _ ~ P _ ~ ~ + _ ~ Q E= pl~_xFgl_ass sf r-i=gi 
Using t h e  a c c e l e r a t i o n  of t he  specimen computed a s  expla ined  i n  t h e  pre- 
ceding paragraphs,  t h e  i n e r t i a l  f o r c e  co r r e c t i on  i s  made. Force i s  
converted t o  f o r c e  i n t e n s i t y  by d i v i d i ng  by gage l e ng t h  whi le  making t h i s  
c o r r e c t i on ,  
Having formed the  t i m e  series needed t o  complete t h e  a n a l y s i s ;  
f o r c e  i n t e n s i t y ,  f ,  r e l a t i v e  v e l o c i t y ,  $, r e l a t i v e  a c c e l e r a t i on ,  V,  
-
specimen a c c e l e r a t i on ,  x, t h e  t i m e  averages i n  t h e  fol lowing set  of  
s imultaneous equa t ions  a r e  f onned 
c.2, deno te s  t h e  t i m e  averaged va lue  of t h e  enc lo sed  func t i on ,  %, KI and 
K a r e  g ene r a l i z ed  f o r c e  c o e f f i c i e n t s .  The above E q s .  a r e  de r ived  i n  A 

Chapter  4. 
C13 CD9 and CH a r e  computed from K KD3 and KA us ing  t h e  
f  olhowing equa t i ons  
p = d e n s i t y  o f  wate r ,  and D = diameter  of  t e s t  specimen. 
B , 7 , 4  DATA OUTPUT 
Seve r a l  d i f f e r e n t  forms of d a t a  are computed f o r  ou t pu t ,  This  
s e c t i o n  d e s c r i b e s  t h e  computation and form of ou tpu t  da ta .  One form of  
ou t pu t  data i s  t i m e  domain da t a .  This  c o n s i s t s  o f  t h e  f o r c e  p r e d i c t e d  
by t h e  computed va lues  of CI, CD, and CM. Also computed i n  t h i s  manner 
are drag,  i n e r t i a ,  a d  added mass components of p r ed i c t e d  f o r c e .  The 
time averages  of  t h e  above time series and a l s o  t h e  i npu t  t i m e  series a r e  
computed and then p r i n t e d  ou t .  Also. p r i n t e d  o u t  a r e  t h e  f o r c e  t ime 
s e r i e s  components. 
-
rower s p e c t r a l  dens i ty  functions are computed f o r  measured and 
t h e o r e t i c a l  t ime  s e r i e s  a s  w e l l  a s  t h e  drag ,  inertia, and added mass 
t ime s e r i e s .  Power s p e c t r a l  d en s i t y  f unc t i on s  a r e  a l s o  computed f o r  a l l  
i n p u t  da t a .  This  d a t a  i s  p r i n t e d  o u t  i n  t a b l e au  form and a l s o  g r a p h i c a l  
form. 
Two e r r o r  v a l u e s  were computed, one i n  t h e  time domain and t h e  
o t h e r  i n  t h e  frequency domain. The e r r o r  v a l u e  i s  def ined  by 
- - 
where x  t h e  independent  a x i s ,  be ing  t h e  l e n g t h  - --o f  _ d u r a t i o n ,  andXo - - - - - - - - . 
a r e  t h e  measured and p r e d i c t e d  f u n c t i o n s  r e s p e c t i v  
B.7.5 	 STATIC SPECIMEN-RANDOM WAVES 
The same b a s i c  methods a r e  used i n  ana lyz ing  d a t a  from a s t a t i c  
< - "  -
specimen, a random s e a  as i n  t h e  p r ev ious  s e c t i o n .  The on ly2%i f f e r ence  i s  
t h a t  x ,  k 9  and K, t h e  k i n e m a t i c a l  q u a n t i t i e s  d e s c r i b i n g  t h e  motion of  t h e  . 
t e s t  specimen a r e  i d e n t i c a l l y  ze ro .  Thus t h e r e  a r e  no r e l a t i v e  motion 
v e l o c i t i e s ,  G, and a c c e l e r a t i o n s ,  V, only  wa te r  , 6 ,  and 
a c c e l e r a t i o n ,  3. The s imultaneous se t  of  equa t i ons  d e s c r i b i n g  t h e  
problem reduces  t o  
-44>K + <iij;lfi>~ = <fc / ; />D I 
(B e 7-5) 
Data  o u t p u t  is a l s o  s i m i l a r  t o  t h a t  of t h e  preced ing  s e c t i o n .  
- ---* 
B .7.6 DYNAMIC SPECIMEN-PERIODIC WAVES 
Data from a  dynamic specimen s u b j e c t e d  t o  p e r i o d i c  naves  i s  
processed  i n  much t h e  same manner a s  d a t a  from a  dynamic specimen sub- 
j e c t e d  t o  random waves. The i n p u t  d a t a  i s  the sams re i s  
no s p e c t r a l  d e n s i t y  f u n c t i o n  da t a .  The d a t a  a n a l y s i s  i s  t h e  same wi th  
only one excep t ion  which w i l l  be  no ted  i n  t h e  fo l lowing  paragraphs .  Data 
o u t p u t  i s  t h e  same except  t h a t  F o u r i e r  c o e f f i c i e n t s  a r e  computed from t h e  
d a t a  i n s t e a d  of s p e c t r a l  d e n s i t y  func t i ons .  
The a n a l y s i s  o f  p e r i o d i c  d a t a  r e q u i r e s  t h a t  t h e  wave p r o f i l e  
d a t a  c o n t a i n  an i n t e g r a l  number of waves. This  s im p l i f i e s  t h e  computation 
of water p a r t i c l e  motion k inema t i ca l  q u a n t i t i e s .  Wave endpoin ts  a r e  
determined by us ing  t h e  modal p o i n t s  of t h e  wave p r o f i l e  record .  P o i n t s  
f rom the beginn ing  and end of the t i m e  record t h a t  do no t  c o n s t i t u t e  a 
complete wave cyc le  a r e  d i scarded .  The same i s  done f o r  t h e  matching 
p o i n t s  i n  a l l  o t h e r  i n p u t  t i m e  s e r i e s .  The wate r  p a r t i c l e  v e l o c i t y  and 
a c c e l e r a t i o n  can then  be computed accord ing  t o  t h e  exp re s s ions  developed 
i n  Chapte r  4 ,  
B . 8  CONCLUSION . 
During t h e  course  of t h i s  i n v e s t i g a t i o n  f o r c e ,  wave p r o f i l e ,  and 
s t r u c t u r a l  response measurements were recorded on t a p e .  This  d a t a  was 
then  d i g i t i z e d  and s t o r e d  on magnet ic  computer t apes .  Depending on t h e  
type of  d a t a  va r ious  types  of Fou r i e r  a n a l y s i s  were app l i ed  t o  t h e  d a t a  t o  
condense the d a t a  and also t o  reveal f requency domian in format ion .  Force 
c o e f f i c i e n t s  were ob ta ined  from t h e  d a t a  by minimizing t h e  r oo t  mean squa re  
of t h e  e r r o r  i n  the time domain. These a r e  d iscussed  i n  Chapter  6. 
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----.~3 m3=7-;T3 -----------.--.-.----. .-- .. -G q M f i O  HEPDNG/UUU-JSTA'SLC.-
c 
C---APPLY C A L I B E A T I O N  EQUATIONS  TO GET RERI. DATA  
C . ---.- -7r-L-DT3.0--,J- -mJVTS--..---.. .---. .. .------.- - ... --......-..---.-.-.---------.. :.--.
-
Th f i p=o e  0 
' 30 6 0  .K=J,NP 
--. --- ---
7 0  X&i$P=I'EMP.+PCQEPF(I.,K) . 
-
' 
1 0  zeriTxgue 
e 
c;;o qRL,-.* F ~ B C ER E A D I K G S  I N C L N A T I ~ N  OF GAGES' L, FOR' 
P
L8 
I F ~ S T A T I C ~GC'  TO 8 0  
CALL DMCR N (RDATA,MAXPTS, #P2,NPTS) 

U '1 

3ETU KN 
6 - S U l j I l O U T T N S  WFIND , 
C 

C-TH;S PROGi2A.t l  # I L L  S B P P C H  F G R  THE P 3 I N T S  THAZ .FOEPI THE B O I J N D A R P  FOR R 
C CKES'Z T 3  C R E S T  W A V E  
(3 	 - .  - -- -
- t - N p a i r L a ' 2 i G N  	
ATE P3PYTS TN B WAVE 
A W A V E  	 .-
M A V E T B A I N  
C ThEcAiM 
C 	 - ----- _ _ C _ _ __ - - -_--
L ' p ~L- j b P 3'1 & ~ 2 d WAVE~ 
C-SUSPUT W P L -
S U B B O i J T I N E  WEIND ( U P I  ,HP2.	 W A Y E ,  NAP) 
---
D I C " I E 6 d S I O N  WAVE 41.1 	 -iQ d G " 

~ U DgR G T T f~ DGTT ~ K
$ O H ~ ~ V ~ ~ ~ ~ , 

CrjMCiOl4/OVRFLO/ .NTQTAL k ' I N I T FWEND 

L C G L C A L  %END W I N I T  	
- -- - - - _ - - - - - - - - & - - - - - - - - " - . ~ - 	 -. 
6: 

C-LF T H I S  I S  F I R S T  WAYE IN MAVETRAIN T H E 3  F I N D  WPI
* 
b . ,  
Z TUBN ~ P PWINIT 	 .. 	 I 
C 
C-SET P A H A B d T E X S  F08 C E E S T  S E B E C H  
P O L L 0 N I N . S  C R E S T . .  
. , 
- 
- - - - - - -  - - - 
--- - 
-- 
C - ~ i i i 5  SU 3 i i dUT INE  COLlPUTES AND S 3 I RES  TLlE FOWRIZi i  ZOEFF IC I ENTS  FOR  THE 
c 6yEBAi;EL)  sgI-OQ&C-F-VJtjCr I N C N  - -ZACH - qk!J-fl 2j-ZL 
- -.-.--- . - -c 
C - -HDATA=A i i i i BY  OF PTS TO 9E BPPT?-O-~~ ,&~E-D-
c;-gX YJ-p-T5=-fJ;A 'I{'TKm --'B(J~EJ--XT pjcT'$$s ,I & ~3 iTFu-P*xTA--
C'--h-Pj=STABTING PT. OF WAV.E T0 BE APP.R~2XIMATEDi&- -WPL=$TC>PPING PT, OF W A V E .  TO .B ' E  APPROXIMATED 
-.---..-. 
:C-.yimFdR.Ca'=CO U NT OF THE , .N-iJEA,EEEi OF WAVES THAT K'AB'E B.EEN ANALYZED 
C--NVIAXFUE~=LvlAX1.f/lUP4 fdUMBER CF .POINTS IV A COOUP1 N .OF FOREX  0 . R  FBR'EB 
C--C1OItD=UilC,$R OF FOORTFR APPROZ IMAT IGN  R E O U l R  E D  :c ,l=suL,j-ot gTv-g-...-p-E7R,I-,J-D-5.---.-...-.-
-.---------. --- -.----
C--NSA=SAMk'i 'E RATE  U S E D  IN DTGIT . I . Z IL4G  A N A L O G '  TAPE 
C-- i / i i=FkY$.biEIGHT COP1PIJTEI.I F R OM '  DATA 
r---DEPZifi .=.STILLWATZi&..-Q'E.ETJ!8# -------,.----.,-~-,,-,
- -- .. .--.- .-,-. -
C--b=;j-?LLh. i $ a T E R  E ~ T H,4DrJsTED F ~ ; R  P R ~ ~ E - ~ ~ . E , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - - - - '  
CC-S(EP] A R K S  
c
---. - - - - -3 - - - - ----- --.--. .------_- -
" - -
C---PO& A & Y  JAVETEB IK  FOE24 A B D  F Q Z E B  NUST BE  I N I T I A L I Z E D  TO ZERO  
C 
C-ZNPUT-RDi l l 'B  MAIIPTS WP2 MAXFQil ,wi(D,  NSR -
---- - --- -___
-CFU-LTTTTFF~-EE~;F~TzB,%SF~T:'Z'-~?~-

C 
C 

---
OR EA ,  F O R E B , N r O R C ! I I N 3 R ~  
'I) ,FOR EB ( r IAXPOR 1) 

INTEGER  HPI W_P_L?---_- - ------- -- .--
. - - - -.-----

--~m-~/mf
LOGICAL RAMDOH 
LOGICAL STAT IC  
UT 

T
fro 
GT 

b . -- - - - - - - . - - - - - -- ----.---.--.-
--- -C ADJUST  FORCE REQSORZFIE%TS OF B IBGSFOR XNERTIE-F~RCE
C %P Th'S TEST IS STATIC 
C 

__ _-___ __
_ 
i ADJUST WAVE----------.-------...APROFILE ME4SUREEIEN'IS-..---..-..-----~---.--------FOB  ZERO AVERAGE  * 
.-C 
CALL ADJUST  ( A ,  RDBTA g WPI ,VP2 I HAX F 0 R s  HWXBTS) 
.CC ... .DM.p.D2-L-.BBJIJSTE_D_S_TT-U--.W-&TZRP-E72_5'..HGTT. DG TT.. 
C ) +A (1 , 113 ) / 2 , 0  
__- .- .-- - - . - .- - . __ 
-
- .P 
C PRINT 3U2-FOUR IER  CUEFFld lENTS FOR TR I S  WAVE 
C 
-.
-- 
-- 
C - T H I S  S U 3 R I ) U T I N E  HILL  G'RAPH A N D  L I S T  TBE . P O I N T S  OF TBE SERIES ~BEACH' .  
& CH&MN.EL. 
C,. .. -.- -.-.. .--.- . - - ,- . . - - - -- -_ - _ _ - _ C _ _ - - . - -
P 
b-- ~ H U E .IF B LISTINGL - - ~ ~ z - .  OF HAY  
C--GA AF=B  V E C T O ~ W L T BL O G I C A L  EBCB 

C =e  TBUAa IF THAT CHBNNGL  IS TO E E  GRAPHED 

C--BDATA=ABB AH OF DBTB  POINTS
c--aP l=SaaBgzNc POINT OF W A V E  

C--WPZ=LAST P O I N T  I N  gBVF

C--HALP'I'S=EttBXZMUB BUHBER OF POINTS 1% EACH CIiANuEL 

5- -NSB=SBt lPING R A T E  USED C.N TAPE 

a-. . 
f l E D A T A  (aAXEZS,l) ,XoRD(7000) 
-A--- -- . , .- ---- -.------.-.-c: 
" C R E C K  R I T E ,  IF TRUE PRXWT L I S T I N G  OF POINTS OM TAPEL""'"" 

C 
,:c c-.-- DPENDIb4G UPON V A L U E _ - Q F  G R A F  - H A K E  GEAPH OF %ACE! CHANNEL ON TAPE 
-*- -
.-------.---------.- '------ '-
S b I D  

13 SUBXOUTIi4 .E  . _ R I T E 2- , - -- - . - ---------

-q--- -b 
L' - Ti315 S U B B O U T I N E  P B I N T S  OUT THE AVEWBGXD PBUBTER CQEPF%C%EN%S 
C 
- _  _ C - INE C O E F F X C I E S T S  - - . 
i= F-COTFFXTn 
- C T = P E l l I O D  OF WAVE 
Pii lhlT Q U T  COEP 
P 

H = f 4 0 R D +  
-
1
--.Do-".rg--.TT . . -- - .. ---- --. - .. ..-.----. - -. - - - -----.- ---- -.. ---

AA=POXEA  (I,NWCBAN) *FOBE;B  ~HCBAN)'

AS =B S +AB  
hBS=B&3S+AA+FOREB(IyNYCAAN J  *FOREB (I,NYCBBN) 
--
1 - ,  / 
k ~ ~ ? k h < 6 ~ $ r 6 0 ) 
COY 
~ i # -R ~ ~ CHANNEL 11 WITH I T S E Lr coRREmTIciN~ 
~E_E_sNz~S--_C~EXP_IC_I'E.F'~~?=,O~P~.L~J
.-12.- ---- I' ---- - -. - . - -
.--- ' 
t 
G COBPUTE SLOSHING COEFFICIENT 
- G 
A P B z O a O  . 
AS=CB, 0 
DG 76) I=2,M
ABB=AP B+FQREA +FQREB (I,HWCBBB) *FORE3 {I,12) 
~ i )- - - .AS-=-&sr~a.-x-&~6C O V = A P B / S & R  
- - WRIT& I O I T T ,  8 
80 Tt iaFd4 ' - COE  I O N  OF CHANNEL 71  BMD12 ; '  
- -.2--, -..-- L_sSiri&G..COEP~IC-Z3.32. .--..- .-_-Z - ' .A~!X~- - ..L---i3ETCBSEM 
_ t SUaiJiitOUTLNE POLYCL 
CJ!"CJi3d&-A~~AK-HA.~R~X--~~E~ERETHE OF POLYNOMIAL- D E S I R E DN - I J S - DEGREE 

C S U i - i k l I N G  P3WERW OF THE C B L I E R A T I C N  UNDERGOES
POINTS-. TH1:3-3j2T~TT--T~E~
i G A U S S  R E ; i ) U C T I O W  A N D  T H E  POLYNOflIAL C O E F P I C I E N T B  A R E  S O L V E D  FOR BY 
d 3 A i K  SUBSTITUTION 
- I?_ -. KGL2ATLQU --------.-----
-. -. - -- .____________________._ _
C XCBL=X -ERR-811 .._.__.__._ __ _ _ _ _ _ _ _ .__C~ORDINAFBS 
c YLAL=Y G O O R D I N A T E S  A R R A Y  

C i!4POINT=NUHBER CP POINTS
5 Z_DEG=.Q_Ei;REE._4POLYBDMIAL- DES IRED  --- . ---.-.-.- . - - .- - . --

A=TBE VECTGR OF PdLYNCMIBL C O E E F S C I B N T S  
i INPUT--XCALIYCALoNPOINTIMDEG 

C OITa'PUT A 
C-BEKARKS-yTHE-.P.BQGRA# ..R-XL-L Tg-RBINB'LE IP NDEG IS GBEATEB THAN  3 OR IF 
C A i ; i iES PIV9T CAN-NOT B E  PQU-ND XT, TU-*fi3fii=---TBE-hiiXm~N-7-~~u~ 
C i P i  TEE A R R A Y  
, SUBB 

,. - .
r)
..-
L
--
coe%i?l 
LE; 31 5 
NDEG 

--BJ3@ 3..g .VD. E-GT~.BEG. --. 
S TOP  
EES OF 

NPOPNT 
.EQ.O.0  .AND. NEXP.EQ. 0) 60 TO 7 5 0  
HCBL ( K )  * X C A L  ( K ) **MEXP 
-.
-..-.--
, . 
5 . - - - - . .-..-- - -- - .-.. . 
---,-.---..- .: . 
110 CONTIM 
P R I l J T 1 3 2 ,  (B(J),J=1, N)
132 E-QRi4BT [ '  '. 'I! ARRAYI.lP4.E15a&Q.
C 
Cm-SORT OUT EBXIPJUB ZLXBENT IN X 
C X&B;L=BBS  ( X . ( ?  a 1 ) 1 ' . 
5--
,LEV XMAS[ )
L--
60 !I3 95  
C-ThidSd S I ' L ' PEP IE~TSARE  F3R  DEBUG 
.. I---
200 MBITX 
210 FOBHA 
RETURN 
- .-SUB--... :.-. --
---- 
'ir- -- --g-DxT&-.a- B- -I? -- - - --- - - - - - - "-.-- -c---- G POINT OF RAVE  
~ - I I - - WPZ-LAST POINT  IN W A V E  
c---- tiAXPTS=CIAXIBUM NUMBER OF POINTS IN EACH CHANNEL OF BDATB -C '---.-.- ----- ------ ---.---- ---
..--- ---- ----
. - - - -I--._--
I 
f 6 
-- 
u *. 
30 ECtRH 
-2-0- -m 
EETUliN 
END 

' S U b b l j U T i % dE G R A P Hk - - - - . - - . . . - - - - - - - - - . - . - - - .  - - - - - . - - - - 

G
c--, THIS-SUBROUTINE MAKE A G R A P H  OF THE MWVE FUNCTION 
-
tb
c-.-La--- RDATB=VECTOR CONTAINING POI.NTS TO BE GRAPB.EDC.---.- NPTS=NUEBER OF P O I N T S  IN B MAT%C----
__ - - .  
X O R D  
- ---. - - .-l_-..-- "__..______. ,.--..-___..__-...-_-..- .._._.- _.....---- -.---- ______.-.-_-I-.  

C
c-.-.--BEClARKS 
I-' b 

--
G W A B B Z
--
PWRB.P4ETERS A X E  MADE
-. 
8.VWILABLE
-- .-- -- ----
C9B~OHdGRBPk"f$-. - .------. ------- -.---- ---.------ TH-ROUGH 
L 
E~XTITLE~PTITLE,XINC~) 

kETIBXB 
HND .- --. - . --. .-----. 
- * - --
-
- - -.-- .--.-. -..-.-
- . ---.. __ 
- . -
.- . " - ---I -
.;cs u g ~ a i r r ~ ~ ~  
_ - _ - . " _ - - -
P R M A T  
- c ; .". 
C + - T t l i S  S U B B O U T I N E  P B I N T S  CUT A H A T R I X  
6: 
- . & m T - = T j S  7 E E  -- --" 
C F O B = P i B T R I X  TO BE PRINTED - - -

C &BuW=THE NUMBER OF ROWS IN THE MATRIX TO BE PRINTED 

C BCOL=NUBBEX
--...._.--__I- OF COLUEFdS. TO BE PRINTED 

C H U B 9  = Tki6 NUHBER OF BOWS TO B E  PRINTED 

C ALi?B=HO# BBBDINGS - --

c -- -


TH I S  SUBROUTINE COHPUTES  DISPLACEBENTS PROM THE FORCE 
C R E GG 8 D  A N D  4 AKE S  THE Fr3hiCE COBBECTIOW FOR  %ME FORCE F R O H  THE 
C WEIGliT OF THE; _ - _ __ OF TilE____ _ RING DUE TO THE I M C LNA T I ON  TEST SPECIjC71EM
r. 
L 

5 N.itbl COBHZCT F ~ R C EREAD INGS  FOR YEIGHT QP R I N G  
C 	 S U B R G U T L N E  I N C 0 8
. - - - - .--- -.--...-.-.----.--------..------.-	 .-
5 	 T B i S  S U B A O U T I N E  C O R R E C T S  F O R  TBZ I N E R T I A L  FORCE OF T H E R I N G  O H  
C. 	 T k i 3  Z'CIRGE MEASl?hECliENTS O F  THE FO;RCE.DYNAMOBETERS O F  THE TEST 
SPECIMEkd ..... . .... .
.-.--------. .--- : .'.-..- - .  .-.-...--

C 	 8GT.ATIOt-i  4 
H.il;IGHT=WEIGHT OF TEST SPECIMEN 
t 	5LtiGTd=LbdEMGT O F  THE T E S T  SP,l3CI.H " 
---4--.L. suT'A'-- EX" SF-'T%E SI?EC 

C i r \ a @  AG,& EB CF PGBC W H O B  O W  T E S T  S P E C I H E B  

C 	 GL3Z = B B R A Y  OF FORCE GAGE L O C B T I O N S  
C 	 NGCKAN.= BX,  OF FORCE G A G E - C H A M  
. .-----
1-.
I '--& 5G cg.q';g< OF'-3TR-WI ' M '  -GKGE' CXW'K 
O 	 I D P C H Y = Y  LACEN'EET CHANNEL 
C .PBYCESX=X DISPLBClEPlfEPflT CHANNEL 
. ---
C
-
.RTGGB$%.= U%,IGJ-T,-CF 
"-.E ' G A G E  RIM 	 -- ------
-rc P u m - c T K c l F  m' 
C 	 FCIBB=BRXAY OF F3U S I N E ~ C O E E F  
C 	 ECtKb)= 3 K D i i R  OF F i 3 U R I E R  .ANNBLHSPS 
C 	 T=PERXOD O F  WAVE 
" g,L3-.
S U B d w U T I N E  .I
(,, uEMC.H-Fx,EQ . &B-E- - .  .... ........................ .,- . . . . . . . . . . . . . . . . .  

D f 3 . E i i S T O N  EO 
.---.- C G ~ k l 3 N ( H E A D NF,c;xXN gsy----3--* 

- DATA G I N C / ~  
GPAc=CECO*GLOC 
s= [I-'!93324-7 (I)* Z r  5l.Q 
.. 
sa= ( 
f;r"_$K
POBA 
Pi7 3 R 
.b w + b U  
IF (L 
, -.--- --.----
FORA {J, I D Y CECRB ,J,IDYC 
SS'TVEti --.--. 
EMB 
SUBBDU TIWE 
-... 
RE! 
G U 
NF 
. .  -...-
OUT 
.--a 
END 
Rmdom Data Processer 

V ,AVE  L I S T  P A R AM E T E R S  ' 
b l 2  T--- . -.------ ---.-.-,-.- ~ 
WRITE G X Q U T J Q O ~ BNWST . 
. 4 0 5  F O R M A T (  W O L H S T Z N G  OF N V S Y  1V E C T O R ~ ~ ~ P ~ O ~ B I O ~ I ~ ~ ~ X ~  

PEA0 I N  FDRCE-DISPLACEMENT C U R V E  PARAMETERS  
f i  
V
6 CHECK N C H ;  I F  0 SET  V BR TBR L ES  .TO PROCESS  q A v E  uATaPREAD C A L I B R A T j i Q N  

c E Q U A T I O N  C O E F F I C I E N T S  AN0 B Y P A S S  C b L I B W A T I Q N  D A T A ,  

fl 
ALP 
..r- - ----.-... ----..-- -..-- -.-.--_--.- .---.---- --..- - --.-----. 
C R E A D  A WECCIRB BLOCK OF DATA 
C 

.MA -
C 
C O b f A  O R  HEADER CPrECY . 
4-
C - - 4  Q .- -- . . - .  -- --- - ------ ---
A P A ( H ) , E Q e X X X l G O  TO POi!i 
10 C 

- - - --2 - . ~ ~ _ - - 5  . --- . -,----- - ----- -- - - -.- ---- .----CB.---.. -
W R f T E ( I e 3 t B T p 5 0 5  1 N B ~ C T J N H C T  
505 FORV AH[ 96q,g?'HE NUMb3EW OF DbTd RECORDS FOkLOklING HEADES~MB 
II 2x9- )9T31 
CHECK FOR $88 DAW A N D  E E E C T . . R T C A % ,  C A L I B R A T I O N S  
P 
w 
______--_zul e t  ------l.3iB 

IF( a N D T  L 1 

T E S 8 2 s e  F A L S E .  
dmM. 
8I F l T E S T Z I  GD T O  I B C  
P

E I N C R EMEN T  HEADER CCUNT V A R I A 8 L E S  
q T O T b L = O
C A L L  WDCNT~ (N~HCTJNCHCTBNDHCTPNBH ,NCHBNDHJ6195 1 
.---
--- -.-. 
C 

C FLAG E N D  O F  WAVE O A T 4  F I L E  . 1 
-- -  --
-- ----- 
- - 
- - 
-- -- 
- - 
--
. . 
-p--.- -- - ----- --.a 

55  E N D - ~ T R U E ~  
60 Tcl 195 _ -
- -
C 

- .* . 
C D E T E R F I N E  I F  D A T A  IS CALIF- WAVE  F R OHI IR  D A T B ~ ~ D A T A %  R A ~ M ~ A D E ~  
C O R  A ELECTRICAL C A L L P B W A T I O N  THEN IT IS FLAGGED AND ANOTHER B L Q C K
C O F  DATA  IS READ  
- t . . - - . - - . - . . - - - - - - . - - . - - .---.-- ------ - .---- ---- --- -.--_-_-__ ____ -
30 MHCT=NqCT+B
I F ~ T f % T ~ o D W ~ $ f % T Z ~  506G O  TO 
I F ( R \ ~ ) H C ' B B E Q ~ ~ O I  060  
-c. .. -GO "8 - - . - ---.---.-.- -- -- --.-----____ 
C I F  f H o hD  . IS  FULL OR MAYE  I S  N O T  TO BE PROCESSED  
C THEN O I C C A W D  DATA  
C 
-- .- -. 
-. .C 

c I F  F I B S T - P & S S ' C H E C K : W ~ V E  S T A T U S '  - '  ' 
$'.- ----- --* . - .  ---- . . - . . - - - - - . - .  . ...--.-----_-- --.--. --.---. .- -
IF ~ N O O A T A I C A L LUAVECK 
IF ( rNr l 7Ta  P R Q C I ' G O  T Q  160 
C 

--c---c.kl . - - - - .  . - . _ _ _ . _ -
e 
PTS, N O P p  NSCpN FULL9 
. . -- g -- - .-. -.-
6: 3 -
c S E E  I F  IHOLD':VILL'HOLD ANOTHER D A T A  BLOCK  
C --,- - -----. -
, . 
- - .----APZ- Q.J dL--.. -- - - - .  I - I _ _ _ _ _ l I L _ _ I _ - - p - -
SET F L A G ';D - 01s-CARDDATA 
e 
P 

- . - - - U.Uf --.-.--- .-. ------
530 FORM A THE NUMBER OF PO I N T S  PRO----HE-LD-FO  
Z S S I N G = ~ ,I $$:.-. - - - = -
G O  f O 160 - - :' -
fB - -
-,..-- - - - - ..--...--------- ...---.-- - ---_.-- - - - ~ - - _ _  
D E G ~ M A X P T S ~ N P T S ~ D T ~ R I ~ E ~C AF I  
- --- .-
L . --. - --- --- - ---- - -- ----- - ---- ---_-___
NCOUNB =NCOUN%+ f  
G O  TO I b Q  -
- -*A. 
9 EN&, . . 
-,,-----
c TL(IS S U B R O U T I N Z  R E A D S  IN T-EST DESCRIPT ION  D A T A  AND 'PRINT 
C T H I S  S U P O U T  I N E  FEADS  I N  TEST DFSCRIPTIE! D4TQp  P R I N T S  IT OUT
.f--.m.-P-U TS-THE-1ALQ. IN_ &..TAPE lL.LE--.. .-L----.-
C .  
-.- - $ 1 8  LhCf 1S-ULTd .- . .- - -- - .- ..- --- --- . .--- .-----
----.- ---
SP ON OIJVPUT(3%;$
DATA R@ I J N B / B  W N D V I ~ B B A N Y B "  w i  
N G /  WE~GHVPS LWGTH , SO I A ,  
.--- .-L- .-l?LGc G2i-H &4-&T.9 la^&^ t 2.4- _ 4 1 s  _ _ _
O C s B E S T N O ~ 2 l r D d T E(21 $ S T  I D Y C H Y p
3 R 1NGVT'ep DEP T ~ BRAN DDH 
EQ LENCE  (OUTPUT(b  
-- .---- 1--UJ!-.-H-NCARD+UU 
C 

Cf**f*Bt***Pt***4++*f*-$r*8**-29:*48rBr+pbt*tIp*+$*++*++@#**4*#***+#***& 

-c -.- ..--.--- -.--.---.---. ..- --.---. - -- -.. - --..- .- --. -- .. ---*-
- ---. -----.C R E A D  I N  TEST DESC~IPT ION DATA  - I----- _ 
C 

C * * 4 C + * t + S * * * + * S B 8 t * r & r * 9 9 8 # a Q t f * * * # # + # ~ 9 ~ ~ + ~ # ~ + # # + + ~ ~  
P 


--  - 
--.-- .. -
- - .  
MATE 
"SF5 
9 G D I M  
...-.FbfA-T. 
~ 1 9 Q bN S G C H  
L O C A T I O N  OF 5 
C H H O N  = C Y A W  
G3 713 300 

9 3XC) H D Y C Y X g
--3Lo-	 I / # ' @ - !  LOC4TI[O .. J 4 P  E.L#. I 
T I O N  CP4NY.E ANNE h $ . B  1 
B t C 7 o 3 ~  G P A M  

a 2 0 Q l  V W G  -

-THE -.NUP1BE f? . BF 

2 I @  LOCWTH l j P i  r3F . W A V E - G  
"IQ Z B n  H S I P N W G  . 
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